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ABS’I3RACT 

This report describes the work done to develop a material with an im- 
proved ratio of radar cross-section to unit weight over ECHO I1 material. 
The material was primarily intended to be used in a passive communication 
satellite of reduced cost and increased reliability. 

An open leno weave of fiberglass coated with copper was developed 
which would make a 425-foot diameter sphere weigh 2600 pounds. 
tests show it to be radio reflective through 4 GHz. . 

Preliminary 

Small model cylinders and flat plates of this material erected without 
inflation aids, but small model spheres did not erect fully. A design f o r  
an erection aid showed promise, but could not be fully tested within the 
scope of the contract. Additional work on these concepts is recommended 
to fully establish the parameters of the material. 
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1.0 INTRODUCTION 

This report describes the effort of the G. T. Schjeldahl Company, begun 
in June 1964, to develop a self-erecting, radar-reflective material, usable 
in a large, but lightweight passive communications satellite. This effort 
was performed under contract No. NASS-3943 to NASA Goddard under the techni- 
cal direction of W. c. Nyberg. 

The successes of Echo I and Echo I1 have shown that passive communica- 
tions satellites are feasible. Echo I, 100 feet in diazeter made of 0.5-mil 
metalized Mylar*, weighed 140 pounds. Echo I1 was fabricated from a three- 
ply laminate of 0.00018-inch aluminum on either side of 0.00035-inch Mylar, 
which was to be strain-rigidized in orbit. It was 135 feet in diameter and 
weighed 540 pounds. A number of limitations are encountered with devices 
such as these. The radar cross-section of these satellites is relatively 
small. The total cost of a passive communications network would be high 
because of the large ground stations required. Using larger satellites 
would decrease ground statlor, costs, but the tJeight of larger Echo If satel- 
lites is prohibitive, and the distorting force of solar radiation on a 
large opaque satellite is high. Furthermore, previously orbited satellites 
required a complex inflation system which introduces some system unreliability. 

Materials development for improved satellites was thus felt necessary. 
Goals established for materials performance were that the material had to be 
(1) extremely lightweight, significantly reducing the weight per unit E@ 
cross-section a+ea of Echo materials; (2) approximately 90 per cent transparent 
to solar radiation to minimize drag and solar pressure effects; (3) rigid 
enough to withstand buckling forces from solar pressure with a safety factor 
of 5.0 since it was desired that the surface contour remain accurate; 
(4) the reflectivity in the 8-9 GHz range was to be 95-98 per cent that of a 
similar solid surface; and (5) capable of erecting without inflation aids 
or mechanical devices. 

Therefore in summary, the objective of this program was to develop a 
material which would increase the RF cross-section of a passive communications 
satellite without a substantial increase in weight or the area acted upon by 
solar pressure. Other secondary objectives were to reduce the complexity of 
manufacture, to simplify requirements of the canister, and to eliminate the 
need for an inflation system. It was hoped that these objectives would in- 
crease the reliability of a passive communications satellite network and 
reduce the total systems cost. 

-. 
*Registered du Pont Trademark 
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2.0 SUMMARY 

The f i r s t  s t e p  t a k e n  towards t h e  development of t h i s  material w a s  t h a t  
of s e l e c t i n g  an  open mesh material t h a t  could  be c o a t e d  w i t h  a metal f o r  
r a d a r  r e f l e c t i v i t y .  
p a r e n t  t o  solar r a d i a t i o n  and a f t e r  m e t a l  d e p o s i t i o n  on i t s  s u r f a c e  would 
be  rad io- f requency  r e f l e c t i v e .  P r i o r  t o  t h i s  c o n t r a c t ,  S c h j e l d a h l  had 
shown t h a t  a l i g h t w e i g h t  f a b r i c  woven from f i b e r g l a s s  y a r n  e x h i b i t e d  a re- 
markable memory; it cou ld  be  f o l d e d  i n t o  a t i g h t  package and upon release 
would s p r i n g  o u t  t o  t h e  o r i g i n a l  shape .  The f i b e r g l a s s  f a b r i c  had a rela- 
t i v e l y  h igh  modulus of e l a s t i c i t y  and a n  e x c e l l e n t  s t r eng th - to -we igh t  r a t i o .  
Based upon t h i s  and the a v a i l a b i l i t y  of f i b e r g l a s s  materials i n  g e n e r a l ,  
t h i s  program scope  w a s  l i m i t e d  t o  f i b e r g l a s s  as a base  material. 

The open f a b r i c  o r  scrim material w a s  e s s e n t i a l l y  t r a n s -  

P r e l i m i n a r y  work i n d i c a t e d  t h a t  a major i n t r i n s i c  p r o p e r t y  r e q u i r e d  
f o r  t h e  s e l f - e r e c t i n g  phenomenon w a s  a h i g h  f l e x u r a l  r i g i d i t y .  Work w a s  
done t o  enhance t h i s  i n h e r e n t  p r o p e r t y  of t h e  f i b e r g l a s s .  

O r i g i n a l l y ,  c h a r r i n g  t h e  s i z e  on t h e  f i b e r g l a s s  f a b r i c  seemed t h e  b e s t  
s o l u t i o n  t o  i n c r e a s i n g  t h e  r i g i d i t y ;  however, f u r t h e r  work showed t h a t  t h e  
p rope r  a p p l i c a t i o n  of s i z i n g  and/or b ind ing  m a t e r i a l s  could  create t h e  same 
e f  f e e t .  

F i g u r e  1 is a r e p r e s e n t a t i o n  of t h e  composite developed under t h i s  
c o n t r a c t .  It shows t h e  b a s i c  f i b e r g l a s s  matrix thoroughly  s a t u r a t e d  w i t h  
a s i z i n g  material which has  t h e n  been coa ted  w i t h  GT 201* r e s i n .  The b inde r  
i s  then  coa ted  w i t h  copper by e l e c t r o l e s s  d e p o s i t i o n .  

During t h i s  program a number of f a b r i c  we igh t s  and s t y l e s  w e r e  i n -  
v e s t i g a t e d ,  and a l e n o - p a t t e r n  weave w a s  found most s u i t a b l e  f o r  t h e  mesh. . 
Weight was a problem s i n c e  commercial weavers do not  normal ly  p r e p a r e  material  
as l i g h t  as r e q u i r e d .  The f i n a l  we igh t  of t h e  material developed i n  t h i s  
c o n t r a c t  would t h e o r e t i c a l l y  p rov ide  a 2600-pound, 425-foot d i ame te r  sphere .  
A 425-foot s p h e r e  f a b r i c a t e d  from Echo 11-type material would weigh approxi -  
ma te ly  5700 pounds. 
t h e o r e t i c a l l y  could  p rov ide  a n  1180-lb,  425-f t -d iameter  sphe re .  However, 
t h e  material w a s  so l i g h t  t h a t  it d i d  n o t  have s u f f i c i e n t  s t r e n g t h  t o  be 
manufactured i n t o  shapes .  F u r t h e r  d i s c u s s i o n s  w i t h  t h e  weavers r e v e a l e d  
t h a t  t h i s  f a b r i c  w a s  cons ide red  t o o  l i g h t  t o  be woven s u c c e s s f u l l y  on a 
p roduc t ion  b a s i s  on e x i s t i n g  machinery. Because t h e  ex t remely  l i g h t w e i g h t  
f a b r i c  d e s i r e d  c o u l d  n o t  be o b t a i n e d ,  much of t h e  work d u r i n g  t h i s  program 
w a s  performed on a material h e a v i e r  t h a n  t h e  i n i t i a l  g o a l s  set f o r t h .  How- 
ever, t h i s  h e a v i e r  f a b r i c  demonstrated t h e  f e a t u r e s  of t h e  e r e c t a b l e  materials 
concept .  

One t y p e  of f i b e r g l a s s  f a b r i c  y i e l d e d  a material t h a t  

I n  deve lop ing  material, and measuring i t s  p r o p e r t i e s ,  it w a s  necessa ry  
t o  d e s i g n  equipment f o r  making s e l f - e r e c t i n g  m a t e r i a l  on a p i l o t - p l a n t  scale.  
This equipment, bui1.t and used t o  p l a t e  and c o a t  f i b e r g l a s s  mesh materials 

"Propr i e t a ry  GTS Co.  a d h e s i v e  
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which e x h i b i t -  s e l f - e r e c t i n g  p r o p e r t i e s ,  w a s  used a number of t i m e s  t o  
p r e p a r e  materials t h a t  were f a b r i c a t e d  i n t o  o b j e c t s  f o r  e v a l u a t i o n .  

P r e l i m i n a r y  tests show t h a t  material prepared  as d e s c r i b e d  i n  t h i s  
r e p o r t  i s  r a d i o  f requency  r e f l e c t i v e  through 4 GHz. 
q f  S c h j e l d a h l  f ac i l i t i e s ,  t h i s  t e s t i n g  w a s  n o t  c a r r i e d  any f u r t h e r .  

Due t o  t h e  l i m i t a t i o n s  

C a l c u l a t i o n s  i n  t h e  las t  s e c t i o n  of t h i s  r e p o r t  i n d i c a t e  t h a t  t h e  
material a p p e a r s  t o  be r i g i d  enough t o  wi ths t and  t h e  s o l a r  p r e s s u r e  i n  space .  

T e s t s  e s t a b l i s h e d  t h e  a b i l i t y  of t h i s  material t o  erect w i t h o u t  i n f l a -  
t i o n  a i d s  o r  mechanical d e v i c e s .  
v e r y  w e l l ;  however, s m a l l  s p h e r e s  d i d  n o t  erect comple te ly  u n l e s s  some 
e r e c t i o n  a i d s  w e r e  employed. 
t h e  e r e c t i o n  of a sphe re .  
d e s i g n  d i d  n o t  perform as w e l l  as expec ted  i n  t h e  deployment tests a t  Goddard 
Space F l i g h t  C e n t e r .  
of t h e  s p h e r e s  w a s  no t  s u f f i c i e n t  f o r a m o r e  complete e r e c t i o n .  

Small  c y l i n d e r s  and f l a t  p l a t e s  e r e c t e d  

A d e s i g n  i s  p resen ted  i n  t h i s  r e p o r t  t h a t  a i d s  
Though showing promise i n  t h i s  l a b o r a t o r y ,  t h i s  

It i s  f e l t  a t  t h i s  t i m e  t h a t  t h e  pe r iod  of free f a l l  

COPPEjz 

GT-'201 

GLASS FIBER 

vc SIZING 

F i g u r e  1 Cross-Sec t ion  of 
S e l f - E r e c t i n g  Material 

3 



3.0 CONCLUSIONS 

1. The material developed under t h i s  program i s  s e l f - e r e c t i n g ,  l i g h t -  
weight ,  RF  r e f l e c t i v e ,  has  a s m a l l  e f f e c t i v e  s u r f a c e  area ( e s s e n t i a l l y  
t r a n s p a r e n t  s o l a r  r a d i a t i o n )  and has  a r e l a t i v e l y  h igh  r i g i d i t y .  

2. 
t h e  small s p h e r e s  d i d  n o t  comple te ly  assume a s p h e r i c a l  shape, i n d i c a t e  
that  space  e r e c t a b l e s  are l i m i t e d  a t  t h i s  p r e s e n t  level of development. 

The vacuum deployment tests a t  Goddard Space  F l i g h t  C e n t e r ,  wherein 

3 .  A modulus of e l a s t i c i t y  h i g h e r  t h a n  t h a t  of f i b e r g l a s s  i s  a p p a r e n t l y  
r e q u i r e d  f o r  t h e  base  material t o  a c h i e v e  t h e  u l t i m a t e  i n  e r e c t i o n  p r o p e r t i e s .  

4. The material a t  i t s  p r e s e n t  s t a t e  of development i s  p o t e n t i a l l y  u s e f u l  
f o r  a number of a p p l i c a t i o n s  i n c l u d i n g  space  an tenna  s u r f a c e s  wherein i t s  
l i g h t w e i g h t ,  r e f l e c t i v e  p r o p e r t i e s  can be used w i t h  a minimum of a u x i l i a r y  
e r e c t i o n  a i d s .  

5 .  Continuous r o l l - t o - r o l l  e l e c t r o l e s s  p l a t i n g  of f a b r i c  h a s  been demon- 
s t r a t e d  by t h e  p i l o t  p l a n t  equipment b u i l t  under  t h i s  c o n t r a c t .  The large 
number of p i l o t  r u n s  i n d i c a t e s  t h a t  t h e  conduc t ive  copper c o a t i n g  can be 
a p p l i e d  t o  a s u i t a b l y  s i z e d  and bound g lass  f a b r i c  w i t h  a c c e p t a b l e  q u a l i t y .  
The o b j e c t i v e  w a s  t o  produce f a b r i c  w i t h  a r e s i s t a n c e  of  2 ohms p e r  squa re ,  
which i s  e q u i v a l e n t  t o  t h e  r e s i s t a n c e  of me ta l i zed  Mylar used i n  t h e  Echo I 
satell i te.  The p r e s e n t  p i l o t  p l a n t  can  hand le  a 48-inch-wide web, p r e p a r e  
i t s  s u r f a c e ,  and p l a t e  o r  d e p o s i t  a copper c o a t i n g  on i t .  The speed of t h e  
equipment, however, l e a v e s  much t o  be d e s i r e d ,  s i n c e  it i s  capab le  of running  
o n l y  one f o o t  p e r  minute d u r i n g  t h e  p l a t i n g  o p e r a t i o n .  
l i m i t e d  by t h e  p l a t i n g  b a t h  r e s i d e n c e  t i m e .  

This web speed i s  

6.  A t  t h e  p r e s e n t  s t a t e - o f - t h e - a r t ,  t h e  material r ece ived  from commercial 
weavers i s  cons ide red  a c c e p t a b l e .  The material r ece ived  from t h e  weaver 
e a r l y  i n  t h e  program had many d e f e c t s ,  such as improper t h r e a d  spac ing ,  drop  
p i c k s  and g e n e r a l  u n r a v e l i n g  of t h e  f a b r i c  i t s e l f .  Most of t h e s e  d e f e c t s  were 
undoubtedly due  t o  t h e  l i g h t n e s s  of  t h e  f a b r i c  and t h e  small q u a n t i t y  o rde red .  
The l a t e s t  material r e c e i v e d  was prepared  by a new p rocess  that  a p p l i e s  s i z i n g  
on t h e  loom i t s e l f .  T h i s  material has  v e r y  l i t t l e  t h r e a d  wandering and exce l -  
l e n t  u n i f o r m i t y  of weave p a t t e r n .  It appea r s  t h a t  material t o  produce s e l f -  
e r e c t i n g  material weighing 0.25 t o 0 . 3 3  of an ounce pe r  s q u a r e  yard  i s  improbable, 
as p r e s e n t  weaver c a p a b i l i t y  i s  l i m i t e d  t o  p roduc t ion  of h e a v i e r  f a b r i c .  The 
la tes t  s t y l e s  r ece ived  have been much h e a v i e r ,  i n  t h e  range  of 0.6 t o  0 . 7  of an 
ounce p e r  s q u a r e  yard .  

7 .  The s i z i n g  i n v e s t i g a t i o n s  r e v e a l e d  many l i k e l y  c a n d i d a t e s  f o r  f o r t i f y i n g  
t h e  f l e x u r a l  r i g i d i t y  of g l a s s  f a b r i c ;  however, t h e  bu lk  of t h e s e  were water 
s e n s i t i v e  and hence unaccep tab le  f o r  u s e  i n  t h e  e l e c t r o l e s s  copper  ba ths .  
It had been hoped t h a t  t h e  p rocess  could  be s i m p l i f i e d  by p l a t i n g  t h e  s i z e  
d i r e c t l y .  These s i z i n g  a g e n t s ,  even though water s e n s i t i v e ,  cou ld  be used 
t o  p r e p a r e  s e l f - e r e c t i n g  material us ing  vapor-depos i ted  aluminum as a con- 
d u c t i v e  c o a t i n g .  The most a c c e p t a b l e  s i z e  i n v e s t i g a t e d  w a s  a commercially 
a v a i l a b l e  PVC. This  s i z e  i s  p l a t a b l e  i f  p r o p e r l y  cu red ,  and s i g n i f i c a n t l y  
enhances t h e  r i g i d i t y  of t h e  s e l f - e r e c t i n g  material .  

4 



8. A GT 201 has  been found t o  be t h e  most accep tab le  c o a t i n g ,  as it n o t  on ly  
adequate ly  b inds  t h e  f i b e r  bundles t o g e t h e r  a t  t h e  
p r e s e n t s  a s u i t a b l e  p l a t i n g  s u r f a c e .  GT 201 i s  water i n s o l u b l e  and i s  "space- 
proven". Another s i g n i f i c a n t  advantage of t h i s  t he rmose t t ing  p o l y e s t e r  coa t -  
i n g  i s  t h a t  it makes t h e  f i b e r g l a s s  f a b r i c  heat-formable t o  a predetermined 
shape. 

9. E l e c t r o l e s s  copper d e p o s i t i o n  seems t o  be completely a c c e p t a b l e  and 
has performed adequate ly  i n  t h e  equipment desc r ibed  above. A f t e r  thorough 
i n v e s t i g a t i o n  of t h e  products  a v a i l a b l e  as p r o t e c t i v e  c o a t i n g s  f o r  a copper 
s u r f a c e ,  none w e r e  found t h a t  p r o t e c t  it under h igh  humidity and h igh  t e m -  
p e r a t u r e  c o n d i t i o n s .  

humidity p r i o r  t o  use .  

i n t e r s e c t i o n s ,  bu t  a l s o  

It  i s  recommended t h a t  f u t u r e  u s e  of copper be l i m i t e d  
2. Lo a L G a 3  e--.-.- UL - F  l,,. L u w  humidi ty  and t h a t  It be p r o t e c t e d  LE atmospheres 02 low 

10.  A s t a n d a r d  b i t a p e  b u t t  s e a l  seems t o  be completely a c c e p t a b l e  f o r  u s e  on 
t h i s  material. A b i t a p e  seam is  space  environment proven, having been used 
on a l a r g e  number of similar space  o b j e c t s .  

11. It i s  apparent  t h a t  t h e  t h e o r e t i c a l  development of f o r c e s  on t h i n  w a l l  
s t r u c t u r e s  i s  scan ty ,  and f u r t h e r  work should be done t o  c l a r i f y  them. 
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4.0 BECOMMENDATIONS 

1. There should be a rigorous theoretical analysis oE the structural 
stresses that will normally be encountered by this material in large space 
structures. 

2. 
areas of failure during deployment are largely undefined. 

A study of the dynamics of deployment should be made, as the possible 

3 .  A thorough examination of the experimental techniques presently available 
will have to be made so that material of this nature can be suitably evaluated 
for its intended use. These should include: 

* Using a concentrated load on a thin-walled spherical shell to simulate 
solar pressure. 

* A pressurization test wherein a bladder inside of a sphere of self- 
erecting material will be inflated to failure of the self-erecting 
material. 

* A large number of cylinder tests to thoroughly examine the buckling 
modes involved in collapse. 

A study into the extended life characteristics when stressed over 
long periods in a space environment. 

4. 
of discontinuities in the conductive coating must be studied. 

Radio frequency reflectivity of materials of this nature, and the effect 

5. 
fections to a failure of shapes deployed in space. 

A study should be made to determine the relationship of surface imper- 
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5.0 MATERIAL DEVELOPMENT 

5.1 FABRIC BASE - 
E a r l y  i n  t h e  c o n t r a c t  it w a s  proposed t o  p rocess  t h e  y a r n  b e f o r e  

it had been woven. 
be bought from a s p i n n e r ,  and t h e n  subsequen t ly  coa ted ,  h e a t  t r e a t e d ,  
coa ted ,  h e a t  t r e a t e d  a g a i n ,  and t h e n  p l a t e d  t o  a s p e c i f i c  c o n d u c t i v i t y  
va lue .  Later i n  t h i s  c o n t r a c t  i t  w a s  shown t h a t  it i s  much more s u i t a b l e  
t o  pu r sue  t h e  concept  of p l a t i n g  and b inding  a f a b r i c  on a r o l l - t o - r o l l  
b a s i s .  

It w a s  proposed t h a t  v i r g i n  ya rn  of t h e  proper  we igh t  

5.1.1 F i b e r g l a s s  F a b r i c  

Most of t h e  s e l f  e r e c t i n g  material development uses  a f i b e r -  
g lass  f a b r i c  f o r  i t s  base .  The composi t ion  of t h e  g l a s s  i s  as fo l lows :  

S i l i c o n  d i o x i d e  5 0  t o  56 % 
C a i c i u m  ox ide  1 6  t o  25 % 
Aluminum ox ide  12 t o  16 % 
Boron ox ide  8 t o  13  % 

Magnesium o x i d e  O t o 6  % 
Sodium & potass ium ox ide  1 t o 4  % 

The p r o p e r t i e s  of t h e  f i b e r g l a s s  are: 

2.55 S p e c i f i c  g r a v i t y  of t h e  f i b e r s  

Elongat ion  3 t o 4 %  

- 
6 T e n s i l e  modulus of e l a s t i c i t y  

and t e n s i o n  10.5 x 10 p s i  

The ya rn  has  been woven. It is d e s c r i b e d  w i t h  a series of 
numbers and le t ters ,  w i t h  t h e  f o l l o w i n g  example be ing  t h e  most u sua l  t y p e  
used on t h i s  c o n t r a c t .  ECD 450 1/1 i s  d e f i n e d  as fo l lows:  The f i r s t  
letter d e f i n e s  t h e  g l a s s  composi t ion ,  namely E g l a s s ;  t h e  second i n d i c a t e s  
t h e  t y p e  of f i b e r ,  namely C f o r  cont inuous  f i l a m e n t ;  t h e  t h i r d  l e t te r  
d e f i n e s  t h e  ave rage  f i l a m e n t  d i ame te r  from which t h e  y a r n  w a s  made. 
D i n d i c a t e s  a f i l a m e n t  d i ame te r  of 0,00021 i n c h e s .  The 450 is t h e  y i e l d  
i n  hundreds of ya rds  p e r  pound of t h e  b a s i c  s t r a n d ;  204 D-size f i l a m e n t s  
were wound t o g e t h e r  t o  produce t h e  450 yarn .  (900 y a r n  has  102 f i l a m e n t s  
p e r  s t r a n d ) .  I n  t h e  n e x t  set of numbers, t h e  f r a c t i o n ,  t h e  f i r s t  i s  t h e  
number of s i n g l e  s t r a n d s  t w i s t e d ,  and t h e  second t h e  number of t h e s e  s t r a n d s  
p l i e d  t o g e t h e r .  The t o t a l  number of s t r a n d s  i s  t h e  product  of t h e s e  two 
numbers. The ya rns  are t h e n  woven i n t o  f a b r i c  

F i g u r e  2 shows t h i s  t y p e  of p a t t e r n  and how each  t r a n s v e r s e  
f i b e r  i s  h e l d  i n  p l a c e  by t w i s t i n g  t h e  machine d i r e c t i o n  y a r n s .  The f i b e r -  
g l a s s  used a lmost  e x c l u s i v e l y  throughout  t h i s  c o n t r a c t  w a s  a 10 by 20 leno-  
weave f a b r i c ,  t h e  10 i n d i c a t i n g  t h e  number of ya rns  i n  t h e  machine d i r e c t i o n  
and t h e  20 i n d i c a t i n g  t h e  number of ya rns  i n  t h e  machine d i r e c t i o n .  The 
machine d i r e c t i o n  y a r n s  a r e  t w i s t e d  t o g e t h e r  i n  t h e  weaving p rocess  SO t h a t  
t h e  f i n a l  f a b r i c  appea r s  t o  have on ly  10 f i b e r s  i n  t h e  machine d i r e c t i o n .  
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A s  t h e  f a b r i c  is woven i t  i s  s i z e d  w i t h  a l u b r i c a n t  normal ly  con- 
s i s t i n g  of a starch. 
a h igh  t empera tu re  oven a t  600 d e g r e e s  F f o r  30 t o  60 minutes .  However, i t  
w a s  found t h a t  a l t h o u g h  t h i s  t r e a t m e n t  i n c r e a s e d  t h e  r i g i d i t y  of t h e  f a b r i c ,  
t h e  most e f f i c i e n t  means of r e a l i z i n g  h igh  r i g i d i t y  w a s  th rough s i z i n g  and 
adequa te  b i n d i n g  of t h e  f a b r i c  i t s e l f ,  s i n c e  h e a t  t r e a t i n g  m a t e r i a l l y  
weakened the  f a b r i c .  

E a r l y  i n  t h e  program t h i s  s i z i n g  w a s  burned o f f  i n  

Most of t h e  f a b r i c  used on t h i s  c o n t r a c t  w a s  p repa red  by Hess- 
Goldsmith Company, New York C i t y ,  and t h e i r  s t y l e  numbers w i l l  b e  used  t o  
i d e n t i f y  t h e  f a b r i c  r ece ived .  Table  1 l i s t s  t h e  d i f f e r e n t  t ypes  o f  f a b r i c s  
t h a t  w e r e  p rocessed  i n t o  d e l i v e r a b l e  i t e m s .  

F i b e r g l a s s  materia.1 processed  e a r l y  i n  1966 w a s  v e r y  l i g h t ,  
0.6 of a m i l l i g r a m  p e r  s q u a r e  c e n t i m e t e r .  
f a b r i c  is a lmos t  beyond t h e  l i m i t s  of e x i s t i n g  weaving equipment. When 
t h i s  material w a s  r e c e i v e d  it w a s  by-and-large a c c e p t a b l e ;  however, there 
were many weaving i m p e r f e c t i o n s .  The f l a w s  c o n s i s t e d  of t h e  fo l lowing:  

T h i s  ex t remely  l i g h t w e i g h t  

1. Lack of t r a n s v e r s e  t h r e a d s  i n d i c a t i n g  t h a t  t h e  p i c k  w a s  broken. 

2.  Nonorthogonal a l ignment  of th,e f i b e r  bundles .  

3 .  Uneven spac ing  of t h e  machine f i b e r s .  

4. A t endency  t o  wander on t h e  r o l l .  

5. A l a c k  of p rope r  t e n s i o n i n g  throughout  t h e  r o l l ,  making it ve ry  
d i f f i c u l t  t o  p rocess .  

Because t h e  weaver w a s  a p p a r e n t l y  unab le  t o  p r e p a r e  a c c e p t a b l e  
l i g h t w e i g h t  f a b r i c ,  a concess ion  w a s  made f o r  t h e  s a k e  of development and 
a more r e a d i l y  o b t a i n a b l e  f a b r i c  weight  w a s  used d u r i n g  t h e  remainder of  
1966. T h i s  f a b r i c  weighed approximate ly  1.8 mi l l i g rams  p e r  s q u a r e  c e n t i -  
meter and had much fewer  f l aws .  Late i n  August of 1966 an  o r d e r  w a s  p l aced  
wi th  Hess-Goldsmith f o r  two d i f f e r e n t  t y p e s  of f a b r i c s ,  made from ECD 450 
y a r n  and ECB 450 ya rn .  The ECB t y p e  y a r n  i s  made up of t h i n n e r  f i l a m e n t s .  
Beta y a r n  has  twice as many f i l a m e n t s  as D ya rn  w i t h  e q u i v a l e n t  weight.  I t  
was hoped t h a t  t h e  two t y p e s  of material could  be processed  i d e n t i c a l l y ,  
and some i n f o r m a t i o n  could  be ga ined  r e g a r d i n g  t h e  a d v i s a b i l i t y  of u s i n g  B 
ya rn  i n  t h e  f u t u r e .  However, due  t o  p roduc t ion  problems t h e  weaver could  n o t  
d e l i v e r  the  B y a r n  f a b r i c  i n  t i m e  f o r  i n c l u s i o n  i n  t h e  program, and t h i s  
comparison could  n o t  be made. T h i s  l as t  material r e c e i v e d  i n  December, 
t h e  ECD 450 f a b r i c ,  w a s  s i z e d  on t h e  weaving machine. A l s o  r e c e i v e d  i n  t h i s  
o r d e r  w a s  a sample of f a b r i c  where t h e  material w a s  unbalaticed t o  t h e  e x t e n t  
where t h e  t r a n s v e r s e  f i b e r s  were much l a r g e r  t h a n  t h e  machine d i r e c t i o n  t h r e a d s .  
Th i s  f a b r i c  w a s  p rocessed  d u r i n g  t h e  months of December and Janua ry  and some 
of t h e  models were made from it. 
t h i s  f a b r i c  performed b e t t e r  t h a n  a model prepared  o u t  of balanced material. 

The model t e s t e d  a t  Goddard prepared  from 

The f a b r i c  weight  appea r s  t o  be a v e r y  d e f i n i t e  d e s i g n  l i m i t a -  
t i o n  as p r e s e n t  commercial weaving p r a c t i c e s  s e v e r e l y  l i m i t  t h e  minimum 
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TABLE 1 

COMPILATION OF SEVERAL GLASS FABRIC STYLES 

Vendor Mesh Configuration 
Style No. Threads/Inch 

Machine Transverse 
Properties 
wt. mg/cm2 

Hess-Goldsmith 
I8601 10 10 1.77 

J.P. Stevens 
1 6 5 9/45 

J.P.Stevens 
1 6 2 0/45 - 8 5 7 W 

Hes s-Go Id smi th 
No. 191 

10 10 

20 20 

10 10 

J.P. Stevens 
166/48 5 5 

Hess-Goldsmith 
I853 9 10 . 10 

Hess-Goldsmith 
18683-15 0 10 10 

5.65 

5.78 

5.3 

2.08 

.67 

4.22 

Hess-Goldsmi th 
18683-45 0 10 10 2.17 
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weight of s e l f - e r e c t i n g  material t h a t  can be produced. The minimum 
weight  of f a b r i c  where the t h r e a d  spac ing  is  10 by 10 p e r  i n c h  appears  
t o  be  near 0.5 oz/sq yd. Th i s  r e s u l t s  i n  a 425-f t -d iameter  s p h e r e  weight  
of c l o s e  t o  2,000 l b s .  This  weight  i s  h ighe r  t h a n  t h e  i n i t i a l  d e s i g n  
goa l  of t h e  c o n t r a c t  and new weaving t echn iques  w i l l  have t o  be  used t o  
produce l i g h t e r  f a b r i c .  

I f  less f i b e r s  p e r  i n c h  are r e q u i r e d ,  as a lower f requency  

However, 
i s  used f o r  r e f l e c t i v e  work, t h e  weight  of t h e  f a b r i c  cou ld  be reduced and 
a much l i g h t e r  f a b r i c  developed and produced by t h e  weavers. 
t h e  requi rement  f o r  l a r g e  sample s i z e s  might p r e c l u d e  any e f f i c i e n t  deve l -  
opment work a l o n g  t h e s e  l i n e s .  The weavers are i n t e r e s t e d  o n l y  i n  l a r g e  
q u a n t i t i e s  of f i b e r g l a s s  f a b r i c  purchases .  The few hundred y a r d s  t h a t  have 
been used i n  t h i s  development work are v e r y  s m a l l  when compared t o  t h e  
m i l l i o n s  of ya rds  t h a t  are normally produced. There are many o t h e r  t y p e s  
of f i b e r g l a s s  yarns  a v a i l a b l e ,  however, commercial accep tance  has  not been 
h igh  on these and, t h e r e f o r e ,  t h e y  are no t  available i n  the form of f a b r i c .  
Owens Corning produces a t y p e  S g l a s s  which h a s  a much h i g h e r  modulus, a lmost  
1-1/2 t i m e s  greater thail E g l a s s .  However, t h i s  p roduc t ion  has  gone s o l e l y  
i n t o  t h e  manufac ture  of roving- type  ya rns  and ve ry  l i t t l e  h a s  been woven. 

5 .1 .2  Dacron-Glass Combination F a b r i c  

A sample of f i b e r g l a s s  Dacron combination ya rn  was secu red  
from Owens Corning. T h i s  combination, GDD 941 (1/2) 4.4S, is  a 40-denier 
Dacron y a r n  twined w i t h  a n  ECD 900 1/0 g l a s s  ya rn .  To e v a l u a t e  t h i s  ya rn  
it w a s  necessa ry  t o  p r e p a r e  a f a b r i c  s o  t h a t  a comparison t o  t h e  p r e s e n t  
glass  f a b r i c  could  be made. A hand loom, shown i n  f i g u r e  3 ,  was used t o  
make a s imple ,  p l a i n  weave f a b r i c  from t h e  f ibe rg la s s -Dacron  y a r n  and t h e  
ECD 900 1/2 1.OZ yarn .  A f t e r  t h e s e  f a b r i c s  w e r e  loomed and s u i t a b l y  s i z e d  
the i r  t e n s i l e  s t r e n g t h s  and f l e x u r a l  r i g i d i t y  were measured. 

Data p resen ted  i n  t a b l e s  2 and 3 compare t h e  f a b r i c s  made of 
The weight  i n c r e a s e  w i t h  a f i b e r g l a s s  y a r n  and of t h e  combination yarn .  

po lyv iny l  a l c o h o l  s i z e  w a s  n o t  as h igh  as in t ended .  However, t h i s  work 
w i l l  serve as a g u i d e l i n e  i n  comparing t h e  two materials. 

Comparing t h e  s i z e d  f a b r i c s ,  t h e  ave rage  t e n s i l e  s t r e n g t h  of 
t h e  combination ya rn  was 66 p e r  c e n t  of t h a t  of a f i b e r g l a s s  f a b r i c .  The 
r i g i d i t y  of t h e  combination f a b r i c  w a s  on ly  52 p e r  c e n t  of t h a t  of t h e  
f i b e r g l a s s  f a b r i c .  Because of t h e  l o w  r i g i d i t y  and poor t e n s i l e  s t r e n g t h  
t h i s  material w a s  no t  i n v e s t i g a t e d  f u r t h e r .  

5.1.3 F u t u r e  Concepts -- 

It is f e l t  a t  t h i s  p o i n t  t h a t  t h e  u s e  of t h e  t h r e a d - l a y i n g  
f a c i l i t i e s  a t  S c h j e l d a h l  f o r  producing  f a b r i c  should be i n v e s t i g a t e d .  It 
has become i n c r e a s i n g l y  appa ren t  t h a t  commercial weavers have n e i t h e r  t h e  
i n c l i n a t i o n  nor  t h e  a b i l i t y  t o  weave material t h a t  i s  s u i t a b l e  f o r  u s e  i n  
large s p a c e  s t r u c t u r e s .  Using t h e  t h r e a d  l a y e r ,  it would be p o s s i b l e  t o  
program t h e  p rope r  t h r e a d  spac ing  and custom-make a f a b r i c  on a cont inuous  
b a s i s .  T h i s  undoubtedly i s  more a c c e p t a b l e  t h a n  r e l y i n g  on commercially 
a v a i l a b l e  f a b r i c s .  F i g u r e  4 i s  a drawing of t h e  p r e s e n t  equipment; w i t h  ve ry  
l i t t l e  development work it  cou ld  be modified t o  make a c c e p t a b l e  material f o r  
t h i s  c o n t r a c t .  
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TABLE 2 

Rigidity of Hand-Woven Samples -_ 

Materia 1 Description 

Glass 

Glass - A29 

Rigidity (mg-cm) 

- 1 0' - 20' 41.5' Average 

354.0 309.2 336.1 333.1 

460.3 414.3 460.26 444.9 

401.8 426.8 .399.1 409.2 

462.9 . 493 * 9 429.7 462.2 

167.3 

Glass PVOH 

Glass A29, PVOH 

Dac r on/g 1 as s 180.4 176.7 145 .O 

298.4 276.8 258.8 278.0 

175.2 226.7 197.3 199.8 

199.0 203.2 236.9 213.0 

Dacron/glass A29 

Dacron/glass PVOH 

Dacron/glass A29, PVOH 

TABLE 3 

Tensile Strength of Hand-Woven Samples 
I -- 

Materia 1 Starch - A2 9 PVOH Tensile Elongation 

Glass X 11.5 4.1 

X 15.9 4.1 

X 15.2 4.7 

X X 16.6 4.3 

7.9 4.3 

X 11.0 5.8 

8.8 5.0 

Glass X 

Glass X 

Glass X 

Dacron/glass X 

Dacr on/g 1 as s 

Dacron/glass X 

X 11.4 4.83 Dac r o n/g 1 as s 

X 

X 

X X 
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5.2 SIZING 

The e f f e c t  of s i z i n g  a g e n t s  w a s  i n v e s t i g a t e d  d u r i n g  t h i s  program. 
P rocess ing  s t e p s  t o  the f a b r i c  p r i o r  t o  p l a t i n g  c o n s i s t  of p r e t r e a t i n g ,  o r  
s i z i n g ,  i n c l u d i n g  h e a t  c l e a n i n g  and a p p l i c a t i o n  of s i z i n g  t o  t h e  f a b r i c .  
Th i s  s t e p  e n c a p s u l a t e s  t h e  f i l a m e n t s  i n . t h e  f i b e r g l a s s  ya rn  i n c r e a s i n g  t h e  
f a b r i c ' s  r i g i d i t y .  The b inde r  s t e p  cements t h e  y a r n  bundles  a t  t h e  i n t e r -  
s e c t i o n s  and p r o v i d e s  a smooth p l a t a b l e  s u r f a c e .  The b i n d e r  s t e p  many t i m e s  
performs both f u n c t i o n s ,  s i z i n g  and b inding .  The e l i m i n a t i o n  of t h e  b ind ing  
s t e p  w a s  i n v e s t i g a t e d ,  however, t h e  m a j o r i t y  of t h e  s i z e s  d i d  n o t  have  
adequa te  r e s i s t a n c e  t o  t h e  p l a t i n g  s o l u t i o n s .  

5.2.1 Heat T r e a t i n g  - 
The o r i g i n a l  concept of s e l f - e r e c t i n g  material po in t ed  towards 

t h e  use  of h o t  a i r  c h a r r i n g  t o  enhance s e l f - e r e c t i n g  p r o p e r t i e s .  T h e r e f o r e ,  
an  experiment w a s  des igned  t o  de t e rmine  t h e  p rope r  h e a t  t r e a t i n g  c o n d i t i o n s .  
Twelve-inch squa re  p i e c e s  of g l a s s  f a b r i c  were f i x e d  t o  aluminum s h e e t s  and 
p laced  i n  a f o r c e d  a i r  overi a t  s e v e r a l  t empera tu res  f o r  v a r i o u s  t i m e  i n t e r v a l s .  
Temperature w a s  v a r i e d  from 200 t o  600 F and exposure  t i m e s  from 5 t o  60 
minutes ,  as shown i n  Table  4 .  From t h e s e  d a t a  a topograph ica l  c h a r t ,  f i g u r e  5 ,  
was made showing t h e  r i g i d i t y  as a f u n c t i o n  of  t i m e  and tempera ture .  Th i s  
c h a r t  shows t h a t  t h e  h i g h e s t  r i g i d i t y  i s  i n  t h e  r e g i o n  bounded by d o t t e d  l i n e s .  
Because of t h e  s i z e  of t h e  optimum area i t  w a s  f e l t  t h a t  c l o s e  c o n t r o l  of t h i s  
p rocess  would be  unnecessary .  A s  w i l l  be po in t ed  o u t  i n  subsequent s e c t i o n s ,  
t h i s  work, a l though  h e l p f u l  i n  p i n p o i n t i n g  t h e  optimum h e a t  t r e a t m e n t  con- 
d i t i o n s ,  h a s  been superseded  through t h e  u s e  of s i z i n g  a g e n t s .  

5.2.2 S i z i n g  Materials 

I n  o r d e r  t o  deve lop  a material  w i t h  h igh  r i g i d i t y ,  it was f e l t  
t h a t  t h e  p rope r  s i z i n g  a g e n t  could  make t h e  f a b r i c  s t i f f e r .  Ten s i z e s  w e r e  
s t u d i e d  as l i s t e d  i n  Tab le  5. I n  most cases two c o n c e n t r a t i o n s  of t h e  s i z e  
s o l u t i o n s  were used .  The b a s e  g l a s s  f a b r i c  used f o r  t h i s  s t u d y  was Hess 
Goldsmith S t y l e  18601. 

Table  6 shows t h e  f l e x u r a l  r i g i d i t y  and t e n s i l e  s t r e n g t h  of t h e  
l a b o r a t o r y  samples.  These samples were prepared  by p l a c i n g  a 13- by 14-inch 
sample of g l a s s  f a b r i c  i n t o  a cardboard frame and app ly ing  a s o l u t i o n  of t h e  
s i z i n g  agen t .  The s i z i n g  a g e n t s  i n c r e a s e d  t h e  r i g i d i t y  of t h e  f a b r i c  some- 
what; t he 'mos t  e f f e c t i v e  be ing  animal g l u e ,  po lyv iny l  a l c o h o l ,  GT-201, and 
S i l a n e  A 1100. The h i g h e s t  t e n s i l e  s t r e n g t h  w a s  no ted  i n  t h e  S i l a n e  A l l 0 0  and 
GT-201 s i z e d  samples.  The g a i n  i n  weight w a s  n e a r l y  t h e  s a m e  r e g a r d l e s s  of 
t y p e  of s i z e  used;  a 5 p e r  c e n t  s o l u t i o n  i n c r e a s e d  t h e  weight approximate ly  
3 p e r  c e n t  and a 10 p e r  c e n t  s o l u t i o n ,  6 p e r  c e n t .  

The e f f e c t  o f  GT 201 o n t h e  f a b r i c  r i g i d i t y  i s  shown i n  f i g u r e  6 .  
The h i g h e s t  r i g i d i t y  i s  observed  wi th  a 20 p e r  c e n t  weight  a d d i t i o n .  There 
i s  a d e c r e a s e  i n  f l e x u r a l  r i g i d i t y  as t h e  r a t i o  of GT-201 t o  f i b e r g l a s s  i n -  
c r e a s e s .  The r e s u l t s  show t h a t  a 20 p e r  c e n t  i n c r e a s e  i s  d e s i r e d ,  v a r y i n g  w i t h  
t h e  s t y l e  material used. The weight a d d i t i o n  of GT-201 i n  t h e  p roduc t ion  r u n s  
was approximate ly  20 p e r  c e n t .  

' 15 



TABLE 4 

Determinat ion of Optimum H e a t  T r e a t i n g  

Material Temperature 
~ of Oven (OF> 

H e s s  Goldsmith 

I8539 200 

200 11 

r 1  2 00 

11 

11 

( 1  

1 t  

11 

. t t  

t t  

11 

11 

11 

t l  

I t  

I t  

1 1  

t t  

11  

11 

3 00 

3 00 

3 00 

400 

400 

400 

5 00 

5 00 

500 

6 00 

600 

600 

45 0 

45 0 

5 00 

5 00 

500 

550 11 

11 550 

Time 
(Minutes) 

5 

30 

60 

30 

5 

20 

10 

45 

60 

10  

15 

60 

5 

10 

30 

30 

60 

30 

45 

60 

15 

45 

16 

C o n d i t i o n s  f o r  H i g h e s t  R i g i d i t y  

Weight 
(mg/cm2) 

.69 

.69 

.69 

.69 

- 7 0  

.69 

.69 

.69 

.68 

.67 

.68 

-67 

.67 

-67  

.67 

.66 

.69 

.67 

.68 

-67 

.67 

- 6 6  

R i g i d i t y  
mg c m  

9.9 

20.1 

11.5 

13.5 

18.1 

17.0 

29.8 

91.5 

72.8 

11.4 

107.2 

152.2 

67.7 

35.4 

24.9 

115.9 

104.8 

119.1 

123.0 

115.8 

96.7 

53.0 
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TABLE 5 

Materials Used in Sizing Study 

Trade Name Description Supplier 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

TSlOO 

HA1 6 

AS E6 0 

Silane All00 

Selectus 

He r cu 1 es 

GT-201 

52-40 

Polyvinyl acetate copolymer emulsion 

Acrylic copolymer emulsion 

Carboxylic terminated acrylic polymer 

y-Glycidoxypropyltrimethoxysilane 

Edible gelat in 

Starch 

Dextrin 

Animal glue 

Proprietary thermosetting resin 

Polyvinyl alcohol 

Rhom & Haas 

Union Carbide 

Swift and Go. 

Corn Products 

Corn Products 

Swift and Co. 

G.T.S. Go.  

E.I. du Pont 
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x 
TABLE 6 

F l e x u r a l  R i g i d i t y  and T e n s i l e  S t r e n g t h  
of Labora tory  Samples 

--- 
- 

Lab. No .  S i z e  Weight R i g i d i t y  T e n s i l e  S t r e n g t h  
( ng/cm (mg - cm)  ( l b / i n )  

18601 

301 - 14- 1 

301-14-2 

14-3 

14-4 

15-1 

15-2 

15-3 

15-4 

. 15-5 

15-6 

15-7 

15.8, 

16-1 

16-2 

16-3 

16-4 

16-5 

16-6 

Glue  

Glue 

G e l a t i n  

G e l a t i n  

TSlOO 

TS 100 

PVOH 

PWH 

HA16 

HA1 6 

. D e x t r i n  

D e x t r i n  

GT-201 

S t a r c h  

S t a r c h  

AS E60 

ASE60 

GT-201 

1.82 

1 .93  

1.83 

1 .89  

1.84 

1.91 

1.83 

1 - 9 0  

1.84 

1.87 

1.77 

1.89 

1.86 

2.24 

1.88 

1.78 

1.84 

1 .78  

2.33 

135.5 

1169.3 

848.2 

818.7 

939.9 

734.4 

476.3 

1121.3 

999.2 

515.9 

419. 

965.2 

706.3 

1109.1 

894.2 

773.4 

710.3 

699.37 

1 1 3 7  - 6  

27.8 

24.3 

19.8 

26.6 

28.8 

19.5 

28.8 

26.3 

1 8 . 7  

18.6 

26.8 

22.1 

38.8 

27.5 

24.3 

24.0 

22.9 

34.6 . 
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5.2.3 Weaver-Applied S i z i n g  

Samples of Hess Goldsmith s t y l e  N o .  451 were rece ived  d u r i n g  
June of 1966. S t y l e  451 has  a 36 by 18  one p i c k  l eno  weave, w i t h  machine 
d i r e c t i o n  t h r e a d s  B150 1/0 and t r a n s v e r s e  t h r e a d s  B150 1/2.  The d e s i g n  
weight  is 2.98 ounces p e r  squa re  yard .  
pared t h r e e  d i f f e r e n t  samples wi th  t h r e e  types  of s i z i n g  a p p l i e d  t o  t h e  
f a b r i c .  L i s t e d  below are t h e  numbers f o r  t h e s e  s i z e s  and a d e s c r i p t i o n  
of them. 

Hess Goldsmi th ' s  l a b o r a t o r y  p re -  

451-A - a po lyv iny l  c h l o r i d e  s i z e  
451-B - a neoprene s i z e  
4 5 1 4  - an  a c r y l i c  s i z e  

Table  7 shows t h e  t e n s i l e  s t r e n g t h  and e l o n g a t i o n  f o r  each  of 
t h e s e  materials i n  t h e  machine d i r e c t i o n .  
t h e  t y p e  of s i z i n g  h a s  no marked e f f e c t  on t h e s e  p r o p e r t i e s .  
t h e  s u i t a b i l i t y  of any of t h e s e  s i z e s  t h e  uns ized  f a b r i c  had t o  be received '  
and eva lua ted .  
i n  t a b l e  8. An ave rage  weight  i n c r e a s e  of t h e  t h r e e  s i z e s  w a s  8 p e r  c e n t .  
The r i g i d i t y  as measured, i n d i c a t e d  t h a t  Hess Goldsmith s t y l e  451-A is  t h e  
most r i g i d .  

A s  can  be seen  from t h e s e  d a t a ,  
To de termine  

The r i g i d i t y  of t h e s e  samples and t h e i r  weight  are shown 

To de te rmine  t h e  s u s c e p t i b i l i t y  of t h e s e  c o a t i n g s  t o  water soak- 
i ng ,  a tes t  w a s  dev i sed  as f o l l o w s .  
minutes  i n  water and t h e  r i g i d i t y  and t e n s i l e  machine d i r e c t i o n  w e r e  measured 
w e t .  Table  9 shows t h e  r i g i d i t y  of number 451-A, number 451-By and number 
4 5 1 4  i n  an  a s - r ece ived  c o n d i t i o n ,  a f t e r  a 20-minute soak ,  and a f t e r  d ry ing .  
S t y l e  451-A w a s  e f f e c t e d  least  w i t h  a 60.7 per  cen t  d e c r e a s e  i n  r i g i d i t y .  
A f t e r  d r u i n g ,  t h e  r i g i d i t y  of a l l  t h r e e  inc reased  t o  a l e v e l  h ighe r  t h a n  t h e  
i n i t i a l  r i g i d i t y .  
f i b e r g l a s s  du r ing  t h e  soaking as t h e  r e s i n s  became so f t ened  by t h e  water. 

Samples were soaked approximate ly  20 

Th i s  i s  probably caused by more complete  w e t t i n g  of t h e  

Another p r o p e r t y  t h a t  w a s  cons idered  impor tan t  i n  t h e  e v a l u a t i o n  
of water s e n s i t i v i t y  was t h e  t e n s i l e  s t r e n g t h  of a sample c u t  on a 45-degree 
ang le .  

Measurement i n  t h i s  d i r e c t i o n  should g i v e  t h e  water r e s i s t a n c e  of t h e  
s i z i n g  agent  more a c c u r a t e l y ,  as t h e  s t r e n g t h  of t h e  y a m i n t e r s e c t i o n s  i s  
be ing  t e s t e d .  The r e s u l t s  are l i s t e d  below. S t y l e  No. 451-A and No. 4 5 1 4  
inc reased  i n  s t r e n g t h  a f t e r  a 20-minute soak wh i l e  t h e  t e n s i l e  s t r e n g t h  of 
451-B decreased  a f t e r  t h e  soak .  

T e n s i l e  S t r e n g t h  of Samples Cut 45 Degrees t o  Machine D i r e c t i o n  

(F igu res  are Pounds p e r  Inch of Width) 

--- - -a_-- 

45 1-A 451-B 4 5 1 4  

A s  r ece ived  38 29 24 

A f t e r  20-minute soak 49 20 34 
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451-A 

R i g i d i t y  
(mg-cm) 

l o o  6,708.2 

2 oo 5 , 183.6 

41.5O 1,776.0 

Average 
4,555.9 

Weight 
mg/cm2 1 0 . 9  

TABLE 8 

R i g i d i t y  of S t y l e  451 F a b r i c  

(1 i n c h  wide samples)  

45 1 -B 45 1 -C 451 No S i z e  

R i g i d i t y  R i g i d i t y  R i g i d i t y  
( mg - cm)  (mg-cm) (mg- cm) 

1,649.6 2 , 902.5 112 

1 , 745.6 2,677.7 1 7 9  

1 ,557.1 2,401.2 123 

1,650.8 2,660.5 138 

11 .2  10.5 10.1 

2 3  



TABLE 9 

Water S e n s i t i v i t y  of S i z e  as Supp l i ed  by Hess, Goldsmith 

F i g u r e s  i n  Tab le  a r e  R i g i d i t i e s  (mg-cm) 

45 1 -A 45 1-B 45 1-6 

A s  Received 

10' 6,570 2,450 2,630 

20° 6,350 1,930 2,310 

41.5' 5,400 1,670 2,210 

Average 6,107 2,017 . 2,383 

Soaked i n  Water 20 Minutes 

l oo  2,460 2 02 750 

20° 

41. 5' 

2,480 

2 , 260 

156 

1 7 7  

540 

540 

Average 2,400 1 7 8  610 

Dried 

loo 10,500 5,230 4 ,080  

20° 8,900 

41.5' 6,300 

Average 8,567 

4,000 2,780 

3,920 2,380 

4,383 3,080 

2 4  



P 

A s  a r e s u l t  of t h i s  experiment i t  appeared t h a t  t h g  po lyv iny l  
c h l o r i d e  s i z e d  f a b r i c  could  s u r v i v e  t h e  e f f e c t s  of water d u r i n g  copper 
d e p o s i t i o n .  P l a t a b i l i t y  of t h i s  s i z e  w a s  subsequen t ly  s u c c e s s f u l l y  demon- 
s t r a t e d .  

5.3 PLATING 

The material used i n  a p a s s i v e  communications system should  have good 
r a d a r  ref lect ive p r o p e r t i e s ;  e x p e r i e n c e  h a s  shown tha t  a r e s i s t a n c e  o f  2 
ohms/square i s  necessa ry .  Much e f f o r t  w a s  expended t o  deve lop  a method of 
making s e l f - e r e c t i n g  material conduct ive .  The method t h a t  w a s  e s t a b l i s h e d  
w a s  a p r o p r i e t a r y  e l e c t r o l e s s  p l a t i n g  p rocess  manufactured by Enthone. An 
e l e c t r o l e s s  p l a t i n g  b a t h  w i l l  d e p o s i t  a metal ( i n  t h i s  case copper )  on a 
c a t a l y z e d  surface.  The p r o c e s s  i s  a u t o c a t a l y t i c ,  so  metal d e p o s i t i o n  con- 
t i n u e s .  F i g u r e  7 p l o t s  t i m e  v e r s u s  t h i c k n e s s  of  t h e  m e t a l  c o a t i n g .  The 
s u p p l i e r  of t h i s  p rocess  states t h a t  approximate ly  0.001-mil i s  depos ted  
p e r  minute,  bu t  c a l c u l a t i o n s  show t h a t  t h e  a v e r a g e  ra te  w a s  0.0008 mil/min 
i n  l a b o r a t o r y  runs .  A r e s i d e n c e  t i m e  of 10 minutes  i n  t h e  p l a t i n g  b a t h s  
should r e s u l t  i n  a d e p o s i t  of 0.008 t o  0.01 m i l s  of copper ,  w i t h  r e s i s t a n c e  
of 2 a / a .  

The rate i n  t h e  l a b o r a t o r y  w a s  e s t a b l i s h e d  by p l a t i n g  6-inch s q u a r e  
samples of I8539 f a b r i c  coa ted  w i t h  GT-201. A f t e r  t r e a t m e n t  w i t h  t h e  
s e n s i t i z e r  and a c t i v a t o r ,  the samples were he ld  i n  t h e  p l a t i n g  b a t h s  f o r  
v a r i o u s  l e n g t h s  of t i m e ,  t hen  d r i e d  and weighed. The p l a t e d  samples w e r e  
t h e n  p laced  i n  an  ammonium p e r s u l f a t e  ba th  t o  remove t h e  copper  d e p o s i t e d ,  
a f t e r  which t h e y  were a g a i n  t h e n  weighed t o  de t e rmine  t h e  copper  removed. 
Table  10 shows t h e  r e s u l t s  of  t h e s e  exper iments .  

TABLE 10 

R e s u l t s  of P l a t ed  Samples - 

Residence  Time i n  . Amount of R a t e  of Depos i t ion  
P l a t i n g  Bath Copper mg mg/min 

2 1.09 .55 

5 1 .90  .38 

7 4.88 . .7 

10 12.23 1.22 

12  12.65 1 .05  

Average 0 .78  

The above ra te  ca l cu la t i . ons  do n o t  c o n s i d e r  t h e  i n c r e a s e  i n  d iameter .  
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5.3.1 Batch P l a t i n g  .. 
The use  of t h e  ba t ch  system w a s  used e a r l y  i n  t h i s  c o n t r a c t  

t o  p r e p a r e  material. Large  f l a t  pans w e r e  used t o  i m m e r s e  t h e  f a b r i c  i n  
t h e  s e n s i t i z e r ,  a c t i v a t o r ,  and p l a t i n g  s o l u t i o n s .  Spray n o z z l e s  were used 
f o r  water r i n s e  a f t e r  immersion i n  each  s o l u t i o n .  The procedure  involved  
a one-minute s e n s i t i z e r  t r e a t m e n t ,  one-minute a c t i v a t o r  t r e a t m e n t ,  and an  
e i g h t  minute Cbpper p l a t i n g  t r ea tmen t .  P l a t i n g  w a s  d i f f i c u l t  because of 
t h e  number of hand p rocesses  involved ,  because t h e  p a n e l s  be ing  p l a t e d ,  
4 by 15  f e e t ,  were awkward t o  handle ,  and i n a b i l i t y  t o  ma in ta in  recommended 
o p e r a t i n g  t empera tu res  caused poor p l a t e  q u a l i t y .  

The b inde r  w a s  a p p l i e d  i n  a semi-batch o p e r a t i o n .  Large f l a t  
p a n e l s  were p l a c e d  on a f i x t u r e  and hand-sprayed w i t h  t h e  Genera l  Electric 
554090 s i l i c o n e  r e s i n .  The c o a t i n g  weight  and u n i f o r m i t y  v a r i e d  over  t h e  
pane l  and i n  weight  from panel  t o  pane l .  However, t h i s  material w a s  t o  be 
used i n  t h e  measuring of RF  r e f l e c t i v i t y  and t h e  i n c o n s i s t e n c i e s  i n  s i l i -  
cone c o a t i n g  were deemed unimpor tan t .  Materi.31 processed  i n  th i s  manner 
w a s  unaccep tab le  f o r  making s p h e r i c a l  segment as it had a g r e a t  number of 
f l aws .  The material had been a f f e c t e d  by t h e  p l a t i n g  s o l u t i o n  due  t o  i m -  
p r o p e r  r i n s i n g  . 

5.3.2 Single-Tank Continuous P l a t i n g  System 

The d i f f i c u l t i e s  encountered  i n  the ba th  p l a t i n g  of f i b e r g l a s s  
f a b r i c  prompted t h e  i n v e s t i g a t i o n  of a cont inuous  p rocess .  The equipment 
des igned  f o r  t h i s  u s e  i s  p i c t u r e d  i n  f i g u r e  8. It c o n s i s t e d  of one p rocess  
t ank ,  one r i n s e  t a n k ,  and one rewind r o l l .  The r e s i d e n c e  t i m e  i n  each  so lu -  
t i o n  depended on t h e  amount of material submerged i n  t h e  p r o c e s s i n g  t ank .  
A number of p i l o t  runs  were made u s i n g  a four-inch-wide web of m a t e r i a l .  
It  w a s  found t h a t  u s i n g  a s i n g l e  p r o c e s s i n g  t a n k  f o r  t h e  t h r e e  s t e p s  w a s  
imposs ib l e  because  t h e  r o l l e r s  became contaminated by t h e  s o l u t i o n  i n  t h e  
p rev ious  s t e p .  A f t e r  much development work w i t h  t h i s  machine, it w a s  de- 
c i d e d  t o  u s e  a series of t anks  f o r  adequa te  p l a t i n g .  It  w a s  a l s o  found 
t h a t  p a i n t  h o l d e r s  handled t h e  web b e s t .  The nap on t h e  p a i n t  r o l l e r s  
grabbed t h e  open f a b r i c  v e r y  e f f e c t i v e l y  and d i s t r i b u t e d  t h e  stress on t h e  
material as i t  w a s  be ing  t r a n s p o r t e d  from one t ank  t o  t h e  n e x t .  It  was 
a l s o  found t h a t  a more s u i t a b l e  p l a t i n g  m i x t u r e  f o r  t h i s  o p e r a t i o n  w a s  a 
2 : 5 : 9  b a t h  t h a t  c o n s i s t e d  of two p a r t s  Cu 400-A, f i v e  p a r t s  Cu 400-B, and 
n i n e  p a r t s  de ion ized  water. It w a s  found t h a t  c o n t r o l  and t h e  p l a t i n g  
q u a l i t y  of a ba th  of  t h i s  makeup w a s  f a r  s u p e r i o r  t o  t h e  b a t h s  used earlier,  
made up of one p a r t  of Cu 400-A, one p a r t  Cu 400-B, and one p a r t  de ion ized  
water. On t h e  l i m i t e d  runs  on t h i s  machine it w a s  b e l i e v e d  t h a t  no web 
hand l ing  r o l l e r s  would b e . r e q u i r e d  a t  t h e  bottom of any of t h e  t anks .  How- 
ever, t h i s  proved t o  be e r roneous  a f t e r  t h e  cont inuous  p l a t i n g  machine w a s  
c o n s t r u c t e d  and a l a r g e - s c a l e  run  w a s  a t t empted .  

5 . 3 . 3  M u l t i p l e  - Tank P l a t i n g  System 

The p l a t i n g  machine u l t i m a t e l y  deve loped ,  shown i n  f i g u r e  9,  
c o n s i s t s  of two s e c t i o n s  as shown i n  f i g u r e  10.  The s p e c i f i c a t i o n  f o r  run- 
n i n g  t h i s  machine i s  appended. 
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Figure 8 Single Tank Plating Equipment 
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Figure 9 Continuous Plating Equipment (from unwind end) 
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S e c t i o n  A i s  used f o r  electroless copper  p l a t i n g .  It c o n s i s t s  
of e i g h t  t a n k s  and a d r y i n g  tower .  The t anks  are f i l l e d  w i t h  t h e  s o l u t i o n s  
i n d i c a t e d  on f i g u r e  10. The 
material i s  p rocessed  th rough  a l l  of t h e  t a n k s  as i n d i c a t e d  and then  through 
d r y i n g  tower No. 1. It i s  then  run  d i r e c t l y  t o  t h e  rewind s t a t i o n  and re- 
wound. A l l  o f  t h e  t o p  r o l l s  up t o  t ank  8 are d r i v e n .  The r o l l s  i n  t h e  
bottom of t he  t a n k s  (1-5 and 8) are 3-inch-diameter PVC, are n o t  d r i v e n ,  and 
t u r n  i n  PVC b r a c k e t s  suspended from t h e  t o p  of each  t a n k .  The r o l l e r s  i n  
t a n k s  6 and 7 are 1-1/4-inch d i ame te r  p l l y e t h y l e n e ,  mounted on b racke t s  from 
t h e  t o p  of t h e  t anks .  I n  d r y i n g  tower No.  1 room tempera tu re  a i r  d r i e s  t h e  
web a f t e r  p l a t i n g .  The material  i s  'not  s i l i c o n e - r u b b e r - c o a t e d  but s t o r e d  i n  
a p l a s t i c  bag w i t h  a d e s i c c a n t .  

A l 1 , t a n k s  have  a i r  a g i t a t i o n  excep t  5 and 8. 

The equipment has t h e  f o l  lowing o p e r a t i n g  f e a t u r e s  : 

1. Web width :  48 i n c h e s  m a x i m u m  
2. Web speed: 1.0 f t /min .  (6  in/min o p t i o n a l )  
3. Amount of material r e q u i r e d  t o  t h r e a d  machine: 55 f t  
4. Residence t i m e s :  

S e n s i t i z e r  s o l u t i o n  1 . 7  min 
A c t i v a t o r  s o l u t i o n  1 . 7  min 
P l a t i n g  s o l u t i o n  10 min 
Drying tower 10 min 

S e n s i t i z e r  and a c t i v a t o r  18 t o  22 C 

Rinse  t a n k s  40 t o  50 C 

No. 2 60 t o  70 C 

5. P rocess  c o n t r o l  t empera tu res :  

P l a t i n g  20 t o  22 c 

Drying towers  NO. 1 - 18 t o  22 C 

6. O p e r a t i n g  f a c i l i t i e s  requi rements  : 
A i r  p r e s s u r e  70 p s i  
Water d e i o n i z e d  
G a s  f o r  water h e a t e r  
E l e c t r i c a l  110 V. 60 Hz 
Exhaust f a n s  exp los ion  proof 

Normal o p e r a t i n g  speed i s  1 . 0  f t /min  a l t h o u g h  a number o f  runs  
were made a t  6 in/min. The s lower  speed a l lows  t h e  u s e  of o n l y  h a l f  t h e  
normal amount of chemica l s  and i s  more economical f o r  s h o r t e r  r u n s .  

S e c t i o n  B of t h e  machine i s  used f o r  a p p l y i n g  t h e  p r e t r e a t m e n t  
and/or b i n d e r  t o  t h e  material. 
c o a t i n g  t a n k  (10) and d r y i n g  tower 2. 
f i g u r e  10. Tank 9 i s  n o t  used i n  any of t h e  o p e r a t i o n s .  The t r a n s f e r  c o a t -  
i n g  r o l l s  and t h e  r u b b e r  r o l l  are d r i v e n ,  a l l  o t h e r s  are f r e e  t u r n i n g  alumi- 
num r o l l e r s .  Drying tower 2 u s e s  banks of i n f r a r e d  lamps f o r  dy ing  and 
c u r i n g  t h e  c o a t i n g s .  A t e m p e r a t u r e  of 60 t o  70 C i s  main ta ined .  

The second unwind is used a l o n g  w i t h  t h e  
The machine is webbed as  shown i n  

5.3.4 Aluminum P l a t i n g  

Vacuum-deposited aluminum w a s  i n v e s t i g a t e d  as means of pro- 
v i d i n g  conductance ,  b u t  w a s  n o t  pursued beyond t h e  p r e p a r a t i o n  of two 
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4- by 6 - foo t  p a n e l s  f o r  e v a l u a t i o n  by GSFC. The equipment i s  l i m i t e d  t o  
c o a t i n g  5- by 11- foot  p i e c e s ,  and t h e r e  is  a tendency  t o  shadow a t  f i b e r  
bundle  i n t e r s e c t i o n s .  
ment work. 

These two l i m i t a t i o n s  prec luded  any f u r t h e r  develop- 
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6.0 PRODUCTION RUNS - 

Each material produced d u r i n g  t h e  program w a s  c o n s e c u t i v e l y  numbered. 
The p r o c e s s i n g  of t h i s  material i n v o l v e s  f i ve  o p e r a t i o n s :  f a b r i c  procure- 
ment, p r e t r e a t m e n t ,  b ind ing ,  metal d e p o s i t i o n ,  and s h e a t h  c o a t i n g .  The 
p rocess  s t e p s  are d e f i n e d  below. 

1. F a b r i c  Procurement - This  is simply a n  i d e n t i f i c a t i o n  of t h e  
b a s e  f a b r i c ,  e.g.  H e s s ,  Goldsmith I8601 

2 .  P r e t r e a t m e n t  - Any p r o c e s s  that  a f a b r i c  i s  s u b j e c t e d  t o ,  
such  as h e a t  t r e a t i n g  o r  s i z i n g  i s  des- 
c r i b e d  i n  t h i s  subheading. 

3. Binder  - 

4. Metal D e p o s i t i o n  

This p rocess  i s  analogous t o  t h e  s i z i n g  
p rocess  d e s c r i b e d  above; however, f o r  o u r  
purposes  i t  i s  advantageous t o  s p l i t  it o f f  
as s e p a r a t e  i t e m .  Th i s  w i l l  a l l ow us  t o  
c o n s i d e r  materials whose pr imary  purpose  i s  
t o  t i e  o r  b ind  t h e  t h r e a d s  t o g e t h e r  t o  in -  
crease t h e  i n t e g r i t y  of t h e  f a b r i c .  

Th i s  d e s c r i b e s  t h e  p rocess  t h a t  is  used t o  
d e p o s i t  a metall ic c o a t i n g  on t h e  s e l f -  
e r e c t i n g  material. 

5. Shea th  Coa t ing  - This  p rocess  s t e p  p r o t e c t s  t h e  metal 
d e p o s i t  and, as it i s  t h e  f i n a l  c o a t i n g  on 
the  material ,  it becomes a major f a c t o r  i n  
t h e  u l t i m a t e  s u r f a c e  p r o p e r t i e s .  

The p rocess  s t e p s  number w a s  added w i t h  a dash t o  t h e  run  number t o  
i n d i c a t e  t h e  number of p r o c e s s e s  a p p l i e d  t o  t h e  base  f a b r i c .  Thus, 134-4 
would i n d i c a t e  f a b r i c  N o .  134 processed  through m e t a l  d e p o s i t i o n .  

T h i s  numbering sys tem w a s  f i r s t  used  f o r  the material  p rocessed  i n  
August. A r b i t r a r i l y ,  t h e  f i r s t  run  w a s  numbered 129. Sample d a t a  s h e e t s  
appea r  i n  t h e  Appendix. 

6 .1  NOTES ON PRODUCTION RUNS -- - 
The p r o p e r t i e s  of t h e  v a r i o u s  r u n s  are summarized i n  t a b l e  11. Ad- 

d i t i o n a l  d a t a  appea r  below. 

Run No. 129 --- 
This  material used as i t s  b a s e  H e s s  Goldsmith s t y l e  8539 and it i s  t h e  

f i r s t  material p rocessed  on o u r  p i l o t  p l a n t  equipment on a cont inuous  r o l l -  
t o - r o l l  p l a t i n g  b a s i s .  The material had many shortcomings i n  t h a t  t h e  re- 
s i s t a n c e  v a r i e d  from 2 ohms p e r  s q u a r e  t o  e s s e n t i a l l y  i n f i n i t e .  A l a r g e  

c 
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p o r t i o n  of t h i s  material w a s  unaccep tab le  f o r  f u r t h e r  f a b r i c a t i o n  t h a t  
had been i n t e n d e d .  A number of 4- by 6- foot  p a n e l s  w e r e  f a b r i c a t e d  and 
a l s o  two 30-inch-diameter sphe res .  

Run N o .  130 --- 
This  material  a lso had H e s s  Goldsmith I8539 material as i t s  base. The 

o p e r a t i o n  of t h e  cont inuous  p l a t i n g  machine w a s  f a i r l y  a c c e p t a b l e  d u r i n g  
t h i s  run  and material w a s  produced w i t h  a n  ave rage  r e s i s t a n c e  of 1 ohm p e r  
squa re .  

f. 

T h i s  material w a s  later f a b r i c a t e d  i n t o  two l a r g e  s p h e r i c a l  segments. 

Run No. 131 
7-- 

This material used H e s s  Goldsmith s t y l e  8601 which i s  a h e a v i e r  f a b r i c  
t h a n  8539. The p l a t i n g  a g a i n  proved s a t i s f a c t o r y  and t h e  a v e r a g e  r e s i s t a n c e  
w a s  0 . 7  ohms p e r  squa re .  

Run No .  132 --- 
This  run  w a s  t h e  f i r s t  t o  s u b s t i t u t e  a water s o l u t i o n  of S i l a n e  A l l 0 0  

f o r  h e a t  t r e a t i n g .  The r i g i d i t y  of t h i s  material  w a s  v e r y  h i g h .  A number 
of samples were made from it, and it w a s  a l s o  used i n  b a s i c  development 
work i n  t h e  s e a r c h  f o r  a p r o t e c t i v e  c o a t i n g  f o r  t h e  s e l f - e r e c t i n g  material. 

Run No. 133 --- 
This  run  used t h e  same b a s e  f a b r i c  as r u n  132 o n l y  i t  w a s  h e a t  t r e a t e d  

f o r  30 minutes a t  550 F. As can  be seen  from t h e  summary s h e e t ,  most of 
t h e  p r o p e r t i e s  w e r e  dec reased  i n  comparison t o  run  132 and r u n  134. Th i s  
material w a s  a l s o  used i n  t h e  f a b r i c a t i o n  of a number of  p a n e l s  and w a s  
used i n  t h e  s tudy  of i n c r e a s e d  r e s i s t a n c e  a f t e r  exposure t o  a d v e r s e  condi- 
t i o n s .  

Run No.  134 --- 
This  material, t h e  s a m e  b a s e  as No. 132 and NO. 133, w a s  n e i t h e r  s i z e d  

n o r  h e a t  t r e a t e d .  The s i g n i f i c a n t  t h i n g  about  i t  w a s  t h a t  is showed t h a t  
a GT-201 c o a t i n g  could  produce a s a t i s f a c t o r y  material w i t h o u t  p r e t r e a t m e n t .  

Run N o .  135 - - L_- 

This  material used  as a b a s e  J .P .  S t evens  f a b r i c  1655 which has  approxi -  
mate ly  t h e  same weight  as Hess Goldsmith 18601, b u t  has  f i v e  t h r e a d s  p e r  i n c h  
i n  each  d i r e c t i o n  i n s t e a d  of t h e  normal t e n .  T h i s  material w a s  n o t  p l a t e d  
bu t  merely c o a t e d  w i t h  GT-201. 
ex t remely  h igh ,  a lmos t  seven  t i m e s  more t h a n  had ever been exper ienced  b e f o r e .  
Th i s  material w a s  used t o  c o n s t r u c t  a number of s p h e r e s  t o  e v a l u a t e  t h e  s e l f -  
e r e c t i n g  p r o p e r t i e s ,  and showed t h a t  asymmetric material has  improved s e l f -  
e r e c t i n g  p r o p e r t i e s .  

The r i g i d i t y  i n  t h e  machine d i r e c t i o n  was 
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Run No. 136 - - ~  
This  material r e p r e s e n t e d  t h e  f i r s t  of a series of runs  t h a t  were made 

on two new f a b r i c s  f e l t  t o  o f f e r  improved s e l f - e r e c t i o n .  T h i s  unbalanced 
f a b r i c  had t r a n s v e r s e  d i r e c t i o n  f i b e r s  much h e a v i e r  t han  machine d i r e c t i o n  
f i b e r s .  F a b r i c  d e s c r i p t i o n  w a s  H e s s ,  Goldsmith 18683-150. The f a b r i c  weight  
is approximate ly  twice t h a t  of Hess, Goldsmith I8601 and it w a s  used i n  t h e  
sphe re  t e s t e d  d u r i n g  t h e  t h i r d  tes t  a t  Goddard. 

Run - No. 137 -- 
This  material w a s  ba lanced  and had a PVC s i z e  a p p l i e d  by t h e  weaver on 

t h e  loom. It  had much b e t t e r  p h y s i c a l  p r o p e r t i e s  t han  any of t h e  s i m i l a r l y  
p repa red  f a b r i c s  i n  t h e  p a s t .  Th i s  material w a s  a l s o  used i n  t h e  Goddard 
dynamic tes t  chamber. 

Run N o .  138 --- 
When t h i s  material w a s  o rde red  it w a s  f e l t  t h a t  a GT-201 c o a t i n g  would 

be s u p e r f l u o u s  as t h e  s i z e  a p p l i e d  by t h e  weaver w a s  t o  be w a t e r  i n s o l u b l e .  
The resu l t s  of a t t e m p t s  t o  p l a t e  t h i s  material  wi thou t  p r e v i o u s  c o a t i n g  w i t h  
GT-201 i s  shown i n  t h i s  run. A s  can  be  seen ,  t h e  r i g i d i t y  i n  a l l  d i r e c t i o n s  
i s  n o t  equa l  t o  t h a t  of run  N o .  137. A f t e r  f u r t h e r  checking ,  t h e  weaver 
r e v e a l e d  t h a t  t h e  PVC s i z e  c o a t i n g  w a s  n o t  p r o p e r l y  cu red  on t h e  loom, and 
t h e r e f o r e  could  n o t  be p l a t e d  b e f o r e  a GT-201 c o a t i n g  w a s  a p p l i e d .  

Run No.  139 --- 
This  p a r t i c u l a r  r u n  w a s  t o  be used i n  t h e  f a b r i c a t i o n  of a s p h e r i c a l  

segment s imilar  t o t h o s e  t h a t  had been b u i l t  i n  January  of 1965. Table  12 
compares r o l l s  1 and 2 t o  show t h e  r e p r o d u c i b i l i t y  of t h e  p roduc t ion  r u n s .  
A s  can be s e e n  the r i g i d i t y  i n  t h e  t r a n s v e r s e  d i r e c t i o n  i s  a lmos t  i d e n t i c a l  
b u t  t h e  machine d i r e c t i o n  i s  approximate ly  33 p e r  c e n t  d i f f e r e n c e .  Th i s  
appea r s  t o  be t h e  l i m i t  of r e p r o d u c i b i l i t y .  

Run N o .  140 --- 
This  p roduc t ion  run  is similar t o  p roduc t ion  run No. 130 excep t  t h a t  it 

w a s  no t  h e a t  t r e a t e d  no r  p r o t e c t e d  by s i l i c o n e  rubbe r  s h e a t h  l a y e r .  Com- 
p a r i s o n  of t h e  r a d i o  f r equency  r e f l e c t i v e  d a t a  of end caps  of t h i s  material 
and material sh ipped  i n  Janua ry  1966 should  reveal t h e  e f f e c t  of a s i l i c o n e  
s h e a t h  c o a t i n g .  

Run N o .  141 --- 
This material w a s  run  t o  make up enough material so  t h a t  t h e  end caps  

could  be completed and sh ipped  b e f o r e  t h e  due  d a t e .  

Run No. 142 --- 
This.was a d u p l i c a t i o n  of run  N o .  136. It h a s  more r i g i d i t y  i n  t h e  

machine and 45 d e g r e e  a n g l e  d i r e c t i o n s ,  p robab ly  due  t o  a h e a v i e r  c o a t i n g  of 
GT-201. 
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Run N o .  143 --- 
This was a duplication of run No. 141 and had approximately equal 

properties to this material. This run was also used to fabricate an end cap 
section which was shipped to NASA Goddard. 

Run No. 144 --- 
This was a duplication of run No. 142 and shows the reliability oE the 

production facilities. This material was used in a number of tests which 
are described elsewhere in this report. 
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7 .0  MATERIAL TESTING 

A copy of G.  T. S c h j e l d a h l  Company S p e c i f i c a t i o n  Q 132 is appended 
All of t h e ' t e s t s  t o  show t h e  t e s t i n g  t echn iques  used i n  t h i s  c o n t r a c t .  

d e s c r i b e d  excep t  t h e  " fo lded  r i g i d i t y "  w e r e  conducted on t h e  materials 
produced. The resul ts  appear  e l sewhere  i n  t h e  r e p o r t .  This  s e c t i o n  des- 
c r i b e s  the t e s t i n g  involved .  

7 . 1  TENSILE TEST 

The t e n s i l e  s t r e n g t h  i s  t e s t e d  i n  a n  I n s t r o n  t e s t i n g  machine by load ing  
a 1-inch-wide sample i n  t e n s i o n .  The load  i s  a p p l i e d  a t  a c o n s t a n t  j a w  
s e p a r a t i o n  rate of 2 inches/minute.  The t r a n s v e r s e  and machine d i r e c t i o n  
samples  w e r e  c u t  so t h a t  t h e  ya rn  bundles  r a n  t h e  e n t i r e  sample l e n g t h .  A s  
t h e  f a b r i c  h a s  10 t h r e a d s  p e r  i n c h  t h e  samples were c u t  10 t h r e a d s  wide. 
The samples c u t  a t  45 degrees  t o  t h r e a d  d i r e c t i o n  w e r e  a l s o  1- inch  wide. 
F i v e  samples were t e s t e d  i n  each  d i r e c t i o n ,  and t h e  average  u l t i m a t e  t e n s i l e  
s t r e n g t h  computed. 

7.2 BEND RADIUS TEST - 
The I n s t r o n  t e s t i n g  machine w a s  a l s o  used f o r  t h i s  

shown i n  S e c t i o n  7 . 1  i n  Q 132. The sample w a s  f o r c i b l y  
r a d i u s  and t h e n  loaded t o  f a i l u r e  a t  t h e  crease. 

7 .3  R I G I D I T Y  TEST 

The f i x t u r e  shown i n  f i g u r e  11 w a s  used t o  measure 
o f  t h e  material. This  method is  d e f i n e d  i n  ASTM D1388, 
of t h e  heavy e las t ic  t h e o r y  d e s c r i b e d  by B ick ley l .  The 

test  w i t h  t h e  f i x t u r e  
ben t  over  a 0.008 

t h e  f l e x u r a l  r i g i d i t y  
and i s  an  e x t e n s i o n  
material i s  p o s i t i o n e d  

on t h e  f i x t u r e  as a c a n t i l e v e r ,  and i t s  l e n g t h  i s  extended u n t i l  t h e  t i p  i s  
d e f l e c t e d  t o  touch  a f i x e d  a n g l e  of 41.5 deg rees .  A t  t h i s  d e f l e c t i o n  t h e  
l e n g t h  of overhang i s  t w i c e  t h e  bending l e n g t h .  The bending l e n g t h  i s  t h e n  
used t o  c a l c u l a t e  t h e  r i g i d i t y  u s i n g  t h e  e q u a t i o n  

G = Wc3 

where G = f l e x u r a l  r i g i d i t y  (mg-cm) 
W = w e i g h t h n i t  area (mg/cm2) 
c = bending l e n g t h  (cm) 

This  p r o p e r t y  i s  v e r y  impor t an t  i n  t h e  c a l c u l a t i o n  of buckl ing  of t h i n  
s h e l l s .  

1. Bickley ,  W. G. -- The Heavy Elastica , P h i l .  Mag. Vel. 1 7 ,  N o .  113, March 1934. 
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7.4 FLEXING ENDUUNCE 

A s  t h i s  material w i l l  be used i n  l a r g e  space  s t r u c t u r e s  t h a t  w i l l  be 
f o l d e d  and packed i n  a c a n i s t e r ,  it i s  necessa ry  t o  de t e rmine  t h e  f o l d  
r e s i s t a n c e  of the  material. Fold  r e s i s t a n c e  has  no d i s c r e t e  u n i t s  and 
t h e r e  are several methods of e v a l u a t i n g  i t .  

One of t h e s e  i s  t h e  bend r a d i u s  t e n s i l e  s t r e n g t h  p r e s e n t l y  used t o  
e v a l u a t e  t h i s  material. 

G. T. S c h j e l d a h l  Company Q 132. 

T h i s  test  de te rmines  t h e  s t r e n g t h  of a material as 
. i t . i s  f o l d e d  on 1/128-inch r a d i u s  bend. T h i s  i s  d e s c r i b e d  i n  more d e t a i l  i n  

' Another i s  t h e  f o l d e d  r i g i d i t y  test  (See .  9 of  Q 132) which a t t e m p t s  
t o  measure t h e  s t i f f n e s s  remain ing  a f t e r  t h e  material has  been c reased  180 
degrees  w h i l e  under a s t a t i c  load .  

During t h i s  c o n t r a c t  two tests concerned w i t h  c y c l i c  f l e x i n g  were 
used. 
r a d i u s  bend, and t h e n  f o l d i n g  i t  back on i t s e l f  around a s imilar  r a d i u s  be id .  
These tests f l e x  a loaded sample c y c l i c a l l y  u n t i l  f a i l u r e  o c c u r s .  The 
number of c y c l e s - t o - f a i l u r e  is  reco rded  as a p r o p e r t y  of t h e  material. 

Both t e c h n i q u e s  i n v o l v e  f l e x i n g  a sample 180 degrees  around a known 

7.4.1 NASA F l e x  T e s t e r  -- 
NASA des igned  and s u p p l i e d  a ' t e s t i n g  machine which, b e s i d e s  

f l e x i n g  t h e  sample,  has  p r o v i s i o n  f o r  measuring r e s i s t i v i t y .  The r e s u l t s  
of t h i s  t e s t i n g  are shown i n  Table  12. 

F i g u r e  12A shows t h i s  machine and f i g u r e  1 2 B  shows a n  e n l a r g e d  
view of t h e  f i b e r - b u n d l e s  a f t e r  f a i l u r e .  F i g u r e  13  shows t h e  mechanism 
used t o  r o t a t e  t h e  f i x t u r e .  

Table  1 2  p r e s e n t s  t h e  i n c r e a s e  i n  r e s i s t a n c e  as a f u n c t i o n  of  
f l e x  c y c l e s .  Three  p o i n t s  are s e l e c t e d  t o  show th i s ,  0 c y c l e s ,  100 c y c l e s ,  
and 800 c y c l e s .  

TABLE 1 2  
R e s i s t a n c e  Q/U 

134.4 MD 
TD 

TD 

TD 

TD 

133-4 MD 

132-4 MD 

131 MD ' 

0 Cycles 

5 
5 
5 
5 
5 

1 
1.25 

at 

100 

12 
135 
140 
25 

180 

1 .75  
1.75 

- 

-- 

80 0 

1 7 5  
240 

115 
880 

35 
55 

- 

at 

--.. 
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Figure 12A NASA Cyclic Flexing Test Equipment 

Figure 12B Self-Erecting Material  at Failure Point 
gc 150) 
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7.4.2 Schopper T e s t e r  

The Schopper f o l d  tester, as d e s c r i b e d  i n  AS'BI method D 643-63T, 
f o l d s  a material sample over  a mandrel under  t e n s i o n .  It w a s  f e l t  t ha t  t h i s  
method would reveal f l e x  r e s i s t a n c e  more s u i t a b l y  and q u i c k l y  t h a n  equipment 
s u p p l i e d  by NASA. Samples of r u n s  132, 133, and 134 w e r e  t e s t e d  i n  b o t h  t h e  
machine and t r a n s v e r s e  d i r e c t i o n .  
samples c u t  a t  a 45 degree  a n g l e  w a s  a t t empted ,  bu t  no d a t a  are r e p o r t e d  as 
t h e  samples were t o o  weak t o  tes t . )  
i n i t i a l l y ,  bu t  because of t h e  l a r g e  v a r i a t i o n ,  more w e r e  t e s t e d .  U l t i m a t e l y  
as many as 57 samples were t e s t e d .  Table  13 l i s t s  t h e  a v e r a g e  f l e x  l i f e  
w i t h  t h e  v a r i a n c e .  
a t  s p e c i f i c  f a i l u r e  p o i n t s .  . 

(Measuring t h e  f l e x i n g  r e s i s t a n c e  of 

Ten samples of  each  t y p e  w e r e  t e s t e d  

F i g u r e  14 p r e s e n t s  h i s tograms r e l a t i n g  p o p u l a t i o n  of even t s  

A computer program, u s i n g  S t u d e n t ' s  "T" d i s t r i b u t i o n  t o  check 
f o r  s i g n i f i c a n t  d i f f e r e n c e s ,  w a s  used t o  compare t h e  means. Using a 90 
p e r  c e n t  conf idence  l e v e l ,  t h e  fo l lowing  conc lus ions  w e r e  drawn. 

1. 132-4 MD less t h a n  133-4 MD 
2.  133-4 MD less t h a n  134-4 MD 
3 .  132-4 MD less t h a n  134-4 MD 
4. 132-4 TD g r e a t e r  t h a n  133-4 TD 
5.  133-4 less t h a n  134-4 TD 
6 .  132-4 TD g r e a t e r  t han  134-4 TD 

Sample 

132-4 

133-4 

134-4 

A1 1 
A1 1 

TABLE 13 

Number of Fo lds  t o  F a i l u r e  on Schopper T e s t  

D i r e c t i o n  Lo t  S i z e  Mean Standard  Dev. 

MD 52 5.85 2.90 
TD 51 15 .90  14.43 
MD 55 8.36 4.32 
TD 42 5.19 5.25 
MD 55 16.24 7 . 8 7  
TD 56 11.16 10.75 

MD 162 10.23 6.85 
TD 149 1 1 - 1 0  11.78 

Fol lowing  t h e  above comparisons,  t h e  means of t h e  
The f o l l o w i n g  conc lus ions  were both  d i r e c t i o n s  were r e l a t e d .  

7 .  132-4 less t h a n  134-4 
8. 132-4 g r e a t e r  t h a n  133-4 
9. 133-4 less t h a n  134-4 

P a i r i n g  number 1 w a s  run  a g a i n ,  t h i s  t i m e  u s i n g  a 
conf idence  l e v e l .  The conc lus ion  d i d  n o t  change. 

samples i n  
made. 

99 p e r  c e n t  
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132-4 MD 

(53 Samples) 

132-4 TD 

(51 Samples) 

133-4 MD 

(54 Samples) 

133-4 TD 

(42 Samples) 

134-4 MD 

(55  Samples) 

134-4 TD 

I1 r, ,-, ,, n n n 

i 

Cycles t o  F a i l u r e  Per Dt43-63" 

F i g u r e  14 Histograms of Schopper T e s t  Results 
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10. 132-4 MD less t h a n  133-4 Mi) 

When a l l  the  machine d i r e c t i o n  samples were compared t o  a l l  
the t r a n s v e r s e  d i r e c t i o n  samples,  a t  a 90 p e r  c e n t  conf idence  l e v e l  t h e  
conc lus ion  w a s  as fo l lows .  

11. Machine d i r e c t i o n  equa l  t o  t r a n s v e r s e  d i r e c t i o n .  

7.5 RESISTANCE CHANGE WHILE SAMPLE I S  STRESSED To FAILURE - - - -- - 
To de te rmine  t h e  c o n t i n u i t y  of s e l f - e r e c t i n g  m a t e r i a l  d u r i n g  elonga- 

t i o n  t o  f a i l u r e ,  i t  was necessa ry  t o  monitor r e s i s t a n c e  of a sample cont inu-  
o u s l y  w h i l e  under  t e n s i o n .  A r e c o r d i n g  ohmmeter w a s  n o t  a v a i l a b l e  f o r  t h i s  
purpose,  s o  a Brown r e c o r d e r  w a s  used t o  measure t h e  v o l t a g e  d rop  a c r o s s  
t h e  sample w h i l e  it w a s  i n  t h e  jaws of an I n s t r o n  t e s t i n g  machine. 
c u r r e n t  f l owing  through t h e  sample w a s  he ld  c o n s t a n t  by a 95,000 ohm re- 
s i s t o r  connected i n  series w i t h  t h e  mesh sample so t h e  p o t e n t i a l  would be 
p r o p o r t i o n a l  t o  t h e  r e s i s t a n c e .  The sample of s e l f - e r e c t i n g  m a t e r i a l  was 
p laced  i n  i n s u l a t e d  j a w s  of an  I n s t r o n  t e s t i n g  machine and then  connected 
as p a r t  of a c i r c u i t .  R e s i s t a n c e  w a s  p l o t t e d  as a f u n c t i o n  of t i m e .  The 
stress on t h e  sample w a s  monitored on t h e  I n s t r o n  i n  respect t o  t i m e .  
Because t h e r e  i s  a c o n s t a n t  j a w  s e p a r a t i o n  r a t e ,  t i m e  i s  p r o p o r t i o n a l  t o  
s t r a i n  ( o r  e l o n g a t i o n ) .  
between r e s i s t a n c e  and s t r a i n  as shown i n  f i g u r e  15 .  
in tended  t o  p l o t  r e s i s t a n c e  as a f u n c t i o n  of stress; however, t h e  material 
r e a c h e s  i t s  u l t i m a t e  s t r e n g t h  long b e f o r e  t h e r e  is any change i n  r e s i s t a n c e .  
The r e s i s t a n c e  began t o  i n c r e a s e  r a p i d l y  a t  100 t o  150 p e r  c e n t  e l o n g a t i o n ,  
which is  f a r  beyond t h e  material 's  u l t i m a t e  e l o n g a t i o n  of 3 t o  5 p e r  c e n t ,  
because on ly  one o r  two t h r e a d s  are broken a t  t h e  y i e l d  p o i n t ,  and t h e  
e l e c t r i c a l  c o n t i n u i t y  is  main ta ined  by unbroken c r o s s  t h r e a d s .  

The 

Combining t h e s e  two c h a r t s  produces a r e l a t i o n s h i p  
It w a s  o r i g i n a l l y  

T e s t i n g  of t h i s  n a t u r e  w a s  d i s c o n t i n u e d  as it appeared t o  have ve ry  
l i t t l e  s i g n i f i c a n c e  f o r  e v a l u a t i n g  s e l f - e r e c t i n g  material .  

7.6 EFFECT OF TEMPERATURE EXTREMES ON THE T E N S I L E  STRENGTH AND R I G I D I ' I Y  -- - - 

During t h e  development stage,  t h e  tes ts  performed on t h e s e  materials 
As t h e  materials reached  a p l a t e a u  were l i m i t e d  t o  ambient t e m p e r a t u r e s .  

i n  t h e i r  development, it became impor tan t  t o  trace t h e  e f f e c t  of tempera ture .  

7.6.1 R i g i d i t y  

To t es t  t h e  f lexura l  r i g i d i t y  a t  t empera tu res  o t h e r  t h a n  ambient,  
t h e  t e c h n i q u e  w a s  changed from t h a t  d e s c r i b e d  i n  s e c t i o n  7 .3 .  A f i x e d  
c a n t i l e v e r  method was used f o r  t h e s e  tests because of i n a b i l i t y  t o  u s e  t h e  
equipment p i c t u r e d  i n  f i g u r e  11. 
t empera tu re  chamber i n  a f i x t u r e  as shown i n  f i g u r e  16. A one-inch-wide 
sample was p l aced  on b locks  B and C and then  A was p laced  on t o p  of B and 
t h e  samples .  

Samples were p laced  i n  a c o n t r o l l e d  
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Per  Ce ti t E l  onga t i  on 
(Gage Length 3 i nches )  

F igu re  15 E f f e c t  on Res i s t ance  d u e  t o  E longa t ion  
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Figure 16 Procedure Used to Determine 
Flexural Rigidity at Non- 
ambient Temperatures 
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A f t e r  a c o n d i t i o n i n g  p e r i o d  b lock  C w a s  removed a l l o w i n g  t h e  
sample t o  d e f l e c t  under  i t s  own weight .  
t h a t  8 was known. The a n g l e  of d e f l e c t i o n ,  8 ,  i s  t h e n  measured. From 
f i g u r e  1 7 ,  which shows t h e  r e l a t i o n s h i p  of d t o  c as a f u n c t i o n  of 9, t h e  
bending l e n g t h  can  be c a l c u l a t e d ,  u s i n g  the formula 

The samples were p o s i t i o n e d  so 

G = We3, 

where G and W have t h e  same meanings as i n  7.3. 

The r e s u l t s  of t h i s  t e s t i n g  a re  shown i n  f i g u r e  18. A s  can 
be seen  t h e  r i g i d i t y  i s  n o t  a f f e c t e d  by e i t h e r  t empera tu re  c o n d i t i o n .  

7.6.2 T e n s i l e  S t r e n g t h  a t  -70 and 212 F - - - -_  
Three  materials w e r e  t a k e n  as r e p r e s e n t a t i v e  of t h e  develop- 

ments d u r i n g  t h i s  c o n t r a c t .  These w e r e  N o .  140 ,  143, and 144. Table  14 
l i s t s  t h e  t e n s i l e  s t r e n g t h  a t  -70 and 212 F 

TABLE 1 4  

T e n s i l e  S t r e n g t h  a t  -70 and 212 F --- ----- 
( l b s / i n )  

140 MD 
TD 

143 MD 
TD 

144 MD 
TD* 

-70 F 

8.4 
2 .0  

10.5 
17.0 

23 .0  
86.0 

212 F 

7.0 
1 . 5  

14.0 
29.0 

19.5 
69.5 

143 and 144 material w a s  exposed t o  vacuum f o r  48 hour s .  
Table  15  shows t h a t  t h e  t e n s i l e  s t r e n g t h  i s  l i t t l e  a f f e c t e d  by vacuum 
c o n d i t i o n s .  

* 144 TD s l i p p e d  i n  t h e  j a w s  and t h e  v a l u e s  shown h e r e  are low. 
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TABLE 15 

T e n s i l e  S t r e n g t h  i n  Vacuum 

( l b s / i n )  

143 MD 
TD 

144 MD 
TD* 

- 7 0  F 212 F 

25.5 25 
45.5 28 

24.0 23 
98.5 72 

7.7 REFLECTIVITY - 
A sample of s e l f - e r e c t i n g  material w a s  eva lua ted  f o r  r a d i o  f requency  

r e f l e c t a r i c e  w i t h  a c o a x i a l  t r a n s m i s s i o n  l i n e  d e v i c e  f o r  measuring t h e  re- 
f l e c t i o n  c o e f f i c i e n t .  
phys i c s  l a b o r a t o r y .  

Th i s  equipment i s  l o c a t e d  i n  t h e  S t .  O la f  Col lgge  

It w a s  found t h a t  t h i s  p a r t i c u l a r  a p p a r a t u s  r e q u i r e s  a n  electrical  
c o n t a c t  t o  t h e  mesh. Because of t h i s ,  no r e f l e c t i v i t y  measurements could  
be made on mesh-coated s i l i c o n e  r u b b e r .  
i-ts l a c k  o f  ou tpu t  above 2 GHz. F i g u r e  1 9  shows t h i s  curve. A s  can be  
seen ,  t h e  RF r e f l e c t i v i t y  i s  90-96 p e r  c e n t  of t h e  s t a n d a r d  copper s h e e t .  

The equipment w a s  a l s o  l i m i t e d  by 

7.8 EXPOSURE TO ULWVIOLET WDIATION - 
This  material i s  t o  be used i n  a n  environment where it w i l l  be exposed 

t o  l a r g e  amounts of u l t r a v i o l e t  r a d i a t i o n ;  t h e r e f o r e ,  it i s  impor tan t  t h a t  
t h e  e f f e c t  of uv r a d i a t i o n  be  measured. A number of tests were run t o  
de t e rmine  t h e  changes i n  t e n s i l e  s t r e n g t h ,  weight p e r  u n i t  area, r i g i d i t y ,  
and conductance a f t e r  exposure  t o  uv r a d i a t i o n .  

The uv r a d i a t i o n  s o u r c e  was a General E l e c t r i c  UA-2 lamp; F i g u r e  20 
shows i t s  r a d i a t i o n  cu rve .  The tests w e r e  conducted i n  a vacuum chamber 
where  a p r e s s u r e  of lo-’ t o r r  i s  main ta ined .  
n e a r l y  100 p e r  c e n t  t r a n s m i s s i o n  i n  t h e  u l t r a v i o l e t  p o r t i o n  of t h e  spectrum. 
Samples are approximate ly  14 i n c h e s  from t h e  s o u r c e  which i s  o u t s i d e  t h e  
vacuum chamber. Con t ro l  samples w e r e  a l s o  p laced  i n  t h e  vacuum chamber but  
s h i e l d e d  from t h e  u l t r a v i o l e t  r a d i a t i o n .  The t empera tu re  of t h e  samples 
i n  t h e  vacuum chamber w a s  main ta ined  a t  approximate ly  70 F. 

A q u a r t z  p l a t e  window h a s  

“144 TD s l i p p e d  i n  t h e  jaws and t h e  v a l u e s  shown h e r e  are low. 
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Because of t h e  l i m i t e d  s p a c e  i n  t h e  vacuum chamber, on ly  10 s a m p l e s  
could  be exposed t o  u l t r a v i o l e t  r a d i a t i o n  a t  any g iven  t i m e .  The samples 
were p laced  i n  t h e  vacuum chamber a t  d i f f e r e n t  t i m e s  t o  p rov ide  d a t a  on  
d e g r a d a t i o n  due t o  r a d i a t i o n  exposure  f o r  t h r e e  i n t e r v a l s ,  namely: t e n  
days ,  t h i r t y - f i v e  days ,  and f o r t y - f i v e  days.  The samples s h i e l d e d  from 
t h e  UV s o u r c e  were measured and t h u s  t h e  e f f e c t s  of vacuum w a s  determined. 

F i g u r e  2 1  shows t h e  i n c r e a s e  i n  r e s i s t a n c e  of r a d i a t e d  and s h i e l d e d  
samples ove r  45 days.  It shows t h a t  t h e  r e s i s t a n c e  of samples exposed t o  
r a d i a t i o n  i n c r e a s e d  much more q u i c k l y  than  t h a t  of t h e  s h i e l d e d  samples. 
A f t e r  45 days t h e  i n c r e a s e  w a s  t h e  same f o r  bo th .  

A s  c a n  b e  seen  i n  f i g u r e  22 ,  there were no s i g n i f i c a n t  changes i n  
t e n s i l e  s t r e n g t h ,  bend r a d i u s  t e n s i l e  s t r e n g t h ,  o r  r i g i d i t y .  

The we igh t  loss of the samples was about  0.5 p e r  c e n t .  

7.9 BLOCKING 

To de te rmine  t h e  e f f e c t s  of vacuum bagging and t h e  p o s s i b i l i t y  of 
b locking  by t h i s  material  d u r i n g  s t o r a g e ,  a one-inch wide s t r i p ,  1 2  inches  
long  of 131 material and 143 material were accord ion  f o l d e d  and p laced  under 
a s t a t i c  l oad  of 14 p s i  i n  a vacuum. The samples w e r e  loaded i n  t h i s  way 
f o r  48 hours .  The samples w e r e  t o  be p u l l e d  i n  t e n s i o n  t o  de t e rmine  t h e  
amount of b lock ing  between a d j a c e n t  l a y e r s  of material .  Upon t a k i n g  them 
o u t  of t h e  vacuum chamber and r e l e a s i n g  t h e  l o a d ,  bo th  materials sprung 
comple te ly  o u t  as t h e r e  was no b lock ing  between a d j a c e n t  s u r f a c e s .  The 
materials c h o s e n . f o r  t h i s  t e s t  w e r e  No. 131, which had been c o a t e d  w i t h  
Genera l  E l e c t r i c  SS4090 s i l i c o n e  rubbe r ,  and No. 143, which had no pro- 
t e c t i v e  c o a t i n g  a p p l i e d  t o  it. It w a s  concluded t h a t  n e i t h e r  of t h e s e  
materials had any tendency t o  b lock  under t h e  c o n d i t i o n s  d e s c r i b e d .  

7 .10  PERPENDICULAR TRIPLE FOLD -- 
Tes t  samples Lc- by 12- inches  were fo lded  i n t o  a pe rpend icu la r  t r i p l e  

f o l d ,  then  p l aced  i n  t h e  I n s t r o n  j a w s  and p u l l e d  a t  t h e  r a t e  of  20 in/min 
c a u s i n g  material t o  un fo ld  wh i l e  p a s s i n g  over  i t s e l f .  The samples were 
t h e n  in spec ted  t o  de t e rmine  t h r e a d  breakage. ' lho d i f f e r e n t  materials were 
t e s t e d  under t h e  same conditLons i n  t h e  machine and t r a n s v e r s e  d i r e c t i o n s .  
R e s u l t s  are  shown i n  Table  16 .  
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TABLE 16 

Thread Breakage A f t e r  Fo ld ing  -.- 

143-4 MD Sample 1 2 t h r e a d s  broke  
Sample 2 no t h r e a d s  broke  

TD Sample 1 no t h r e a d s  broke  
Sample 2 3. t h r e a d  broke  

105-113-1 MD Sample 1 7 t h r e a d s  broke  
Sample 2 15 t h r e a d  s broke 

TD Sample 1 6 t h r e a d s  broke 
Sample 2 8 t h r e a d s  broke  

Unl ike  i n f l a t i n g  b a l l o o n s ,  sphe res  made of s e l f - e r e c t i n g  material 
ex tend  i n  t h e  p o l e  t o  p o l e  dimension f i r s t ;  t h e n  expansion occur s  a t '  t h e  
equa to r .  Because of t h i s  e r e c t i o n  mechanism, t h e  t r i p l e  f o l d  tes t  is no t  
a p p l i c a b l e .  

7 .11  CORROSION 

A number o f  p r o t e c t i v e  c o a t i n g s  were eva lua ted .  F i g u r e  23B shows 
one of f o u r  test  chambers b u i l t  t o  e v a l u a t e  v a r i o u s  p r o t e c t i v e  c o a t i n g s  and 
t h e  e f f e c t  of var ious  atmospheres on s e l f - e r e c t i n g  materlal .  The f o l l o w t n g  
coa t ings  were eva lua ted :  

Ent hone Entek 45 
Entek 56 ( c o a t i n g  t i m e  45 seconds)  
Entek 56 ( c o a t i n g  t i m e  60 seconds)  

I r i d i t e  7P 
Kenver t 18  
Kenver t 31 
Kenver t 32 
S i l i c o n e  SS-4090 (General Electr ic)  

S i l a n e  A 1100 (Union Carb ide )  

Enthone Entek 45, I r i d i t e  7P, Kenvert 18,  and Kenvert 3 1  were used 
on ly  f o r  i n i t i a l  test samples,  as a l l  removed most of t h e  copper  sheath re- 
s u l t i n g  i n  ir s u b s t a n t i a l  i n c r e a s e  i n  r e s i s t a n c e .  I r i d i t e  7P, Kenver t  18, 
and Kenvert 31  are convers ion  c o a t i n g s  which form a p r o t e c t i v e  o x i d e  l a y e r .  

No. 132 material w a s  used as t h e  c o n t r o l .  A l l  samples were twelve 
inches  long ;  e l e c t r i c a l  connec t ions  w e r e  made by p o t t i n g  t h e  ends  i n  con- 
d u c t i v e  epoxy. 

I n i t i a l  r e s u l t s  showed an  a c c e l e r a t e d  test procedure  would be adv i sa -  
a b l e .  F i g u r e  23A shows t h e  m o d i f i c a t i o n s  made t o  one o f  t h e  chambers. 
Through t h e  u s e  of a t empera tu re  c o n t r o l l e r  t h e  chamber w a s  main ta ined  a t  
100 F k 1 F .  
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F i g u r e  24A shows t h e  effect 
No. 132 c o n t r o l  material exposed 

of v a r i o u s  atmospheres on unpro tec t ed  
f o r  30 days .  The samples t e s t e d  a t  z e r o  

re la t ive humidi ty  and room tempera tu re  remained unchanged f o r  t h e  t es t  
per iod  w h i l e  t h e  r e s i s t a n c e  of samples exposed t o  100 p e r  c e n t  oxygen 
dropped a f t e r  being p l aced  i n  the chamber, and remained v i r t u a l l y  unchanged 
f o r  t h e  remainder of t h e  test because oxygen-saturated copper i s  more con- 
d u c t i v e  t h a n  copper exposed t o  a i r  only .  

v: LL6uLG ,.e..-_ 24f: c o q a r e s  P:G. 132 materia: expose6 t o  100 p e r  r e n t  re la t ive  
humidi ty  a t  room tempera tu re  and a t  100 F. These samples w e r e  unpro tec t ed .  

F i g u r e  25A compares t h e  v a r i o u s  p r o t e c t i v e  c o a t i n g s  on 132 material. 
These samples w e r e  s u b j e c t e d  t o  100 p e r  c e n t  relative humidity a t  100 F t o  
acceierate co r ros ion .  Tfiese i n i t i a i  tests showed that  e i t h e r  s i l i c o n e  rubber 
(SS-4090) o r  E-56(60) o f f e r e d  t h e  b e s t  p r o t e c t i o n .  

Add i t iona l  samples were made t o  e v a l u a t e  t h e  E-56(60) p r o t e c t i v e  
c o a t i n g s  more completely.  The l a r g e r  number of samples showed r e s i s t a n c e  
inc reased  s lowly  f o r  t h e  f i r s t  t e n  hour s  bu t  i n c r e a s e d  a t  t h e  same rate as 
t h e  c o n t r o l  a f t e r  t h a t .  (See f i g u r e  25B). 

F i g u r e  26A compares a l l  material t e s t e d .  These samples were unpro- 
t e c t e d  and exposed t o  100 p e r  c e n t  re la t ive  humidity a t  room tempera ture .  

F i g u r e  26B shows t h e  r e s i s t a n c e  of each  material as a f u n c t i o n  of 
t i m e .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  samples (134 m a t e r i a l )  which had 
an  i n i t i a l  r e s i s t a n c e  over  100 ohms i n c r e a s e d  a t  a f a s t e r  rate and showed 
a h ighe r  p e r  c e n t  of i n c r e a s e  t h a n  t h e  samples  having an  i n i t i a l  r e s i s t a n c e  
below 100 ohms, 

F i g u r e  27A compares t h e  r e s i s t a n c e  of two samples exposed t o  room 
c o n d i t i o n s  f o r  100 days .  Both samples were i d e n t i c a l  except  f o r  t h e  con- 
d u c t i v e  epoxy used t o  p o t  t h e  ends. F i n a l  r e s i s t a n c e  a f t e r  100 days w a s  15.2 
ohms f o r  each sample .  While t h e  copper s h e a t h  d i d  d i s c o l o r ,  v e r y  l i t t l e  
change took  place i n  t h e  r e s i s t a n c e .  

F igu re  27B compares a set  of samples exposed t o  100 p e r  c e n t  relative 
humidity a t  100 F. 
S i l a n e ,  a c o a t i n g  used t o  p r o t e c t  copper f o i l  from o x i d a t i o n ;  o t h e r s  were 
coa ted  w i t h  SS-4090 s i l i c o n e  rubbe r .  Both sets of samples showed an  ex t remely  
r a p i d  i n c r e a s e  i n  r e s i s t a n c e .  It  w a s  a t  t h i s  t i m e  t h a t  a number of measure- 
ments were made t o  de te rmine  t h e  e f f e c t  of soak ing  t h e  samples i n  v a r i o u s  
s o i v e n t s .  

Some of the  samples were coa ted  w i t h  Union Carbtde A-1100 

A l l  samples i n  t h i s  set had a h i g h  r e s i s t a n c e  i n i t i a l l y .  

From t h e  c o n t r o l l e d  atmosphere tes ts  which have been completed,  it 
appea r s  t h a t  material s t o r e d  a t  room c o n d i t i o n  i s  ex t remely  s t a b l e .  The o n l y  
b e t t e r  method i s  t o  s t o r e  t h e  material a t  z e r o  re la t ive humidity.  A l l ’ p r o -  
t e c t i v e  c o a t i n g s  t e s t e d  had some damaging e f f e c t  on t h e  i n i t i a l  r e s i s t a n c e  of 
t h e  material. 
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8.0 FABRICATION OF MODELS - 

8.1 SEAMS 

8.1.1 Liquid  Seams 

The i n i t i a l  seaming t echn ique  bonded t h e  material a t  t h e  seams 
w i t h  a r e s i n  s o l u t i o n  of GT-201. The s o l u t i o n  w a s  brushed o n t o  t h e  seam area 
t o t a l l y  e n c a p s u l a t i n g  bo th  p i e c e s  of f a b r i c  t o  form an  ove r l app ing  seam. 
This  seam w a s  cured by f o r c e d  h o t  a i r .  This  t echn ique  w a s  found t o  be  un- 

a l i n e d .  This  t echn ique  of bonding w a s  abandoned a t  t h i s  p o i n t  a l t h o u g h  it 
w a s  S r i e f l y  zsed a g a i n  l a t e r  i n  t h e  c0ntrac.L d u r i n g  t h e  p r e p a r a t i o n  of c y l i n -  
d e r s  where f l a t  end p a n e l s  were cemented i n t o  p l a c e  w i t h  a l i q u i d  s i l i c o n e  
rubber  s o l u t i o n .  During t h e  f a b r i c a t i o n  of t h e s e  c y l i n d e r s ,  t h i s  a d h e s i v e  
system w a s  Eound u n s u i t a b l e  because  of i t s  ex t remely  slow s e t t i n g  time. 
use  of a l i q u i d  o r  r e s i n  s o l u t i o n  t o  p r e p a r e  t h e  seam w a s  abandoned and a l l  
f u t u r e  f a b r i c a t i o n s  used a b i t a p e  seam c o n s t r u c t i o n .  

s d t a h l P _  for prOdUCtiOn p’o””dures 3s it CjiffLeult  t o  keep the gcjres 

The 

8.1.2 B i t a p e  Sea l s  

Using aluminum-coated mater ia l ,  s e v e r a l  seam d e s i g n s  were eva lu-  
a t e d .  Aluminum-coated material  was used because a t  t h e  t i m e  copper -p la ted  
material w a s  be ing  coa ted  w i t h  a s i l i c o n e  rubber  s h e a t h  c o a t i n g .  The fo l low-  
i n g  desicrnc T . ~ D T D  e ~ ~ a l u a t e d .  

0s.- *.-- - 
Design A Standard  ove r l app ing  b i t a p e  s e a l  
Design B A 3/8-inch o v e r l a p  wi th  l /S-inch wide s t r i p  of 

Design C A 3/8-inch o v e r l a p  w i t h  1/8-inch wide s t r i p  of 

Design D 

0.9-mil aluminum i n  a b i t a p e  seal 

1/2-ounce copper f o i l  i n  t h e  b i t a p e  seal  
A 3/8-inch o v e r l a p  wi th  a b i t a p e  seal u s i n g  a 
conduc t ive  t a p e  

Table  1 7  shows t h e  r e s u l t s  of t h i s  work. Designs are  compared 
t o  continiious material i n  r e s p e c t  t o  r e s i s t i v i t y  and t e n s i l e  s t r e n g t h .  
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TABLE 1 7  

1 
2 
3 
4 
5 
6 
7 
8 

10 

n 

S e a l  E v a l u a t i o n  
Materia 1 T e n s i l e  S t r e n g t h  
Sample S e a l  Conf igu ra t ion  R e s i s t i v i t y  l b / i n  Width 

105-11 9-1 
105-119-1 
105-1 19-1 
105-1 19-1 
105-113-1 
105-1 19-1 
105 I?!?-2 
105 - 11 9-2 
7 nr J.vJ-ii9-2 
105-119-2 

cont inuous  
A 
B 
C 
A 
D 

D 
k 
B 

,.--.I-: -...,.... 
C I u L l C l l I u u U J  

16.7 
75.0 
38 .3  
71 .7  

48.2 
Q. 7 

18.3 
8.0 
8 . 3  

-- 

40 
18 
13.6 
15.0 
0 .8  

10.0 
32.0 
16.8 
18.8 
12.7 

Sample 5 i s  an  o v e r l a p  b i t a p e  seal .  N o  r e s i s t i v i t y  measurement could  
be made on t h i s  because  t h i s  p a r t i c u l a r  sample had a s h e a t h  c o a t i n g  of RTV 
s i l i c o n e  rubber .  

To de te rmine  t h e  r e p r o d u c i b i l i t y  of t h e s e  seals f i v e  samples  of d e s i g n s  
A ,  B ,  and D were made. Design C w a s  n o t  r u n  because of i t s  s i m i l a r i t y  t o  B. 
M a t e r i a l  used was run 131. 

Table  18 l i s t s  t h e s e  r e s u l t s .  The f i g u r e s  g iven  are f o r  t h e  r e s i s t a n c e  
of a s i x - i n c h  sample d i v i d e d  by t h e  l e n g t h  of t h e  sample. This  t y p e  of 
r e s i s t i v i t y  measurement g i v e s  a f a i r l y  good r e p r e s e n t a t i o n  of t h e  e f f e c t i v e -  
nes s  of a seaming technique .  

TABLE 18 

Seam Study of Sample No .  131 

Design A Design B Design D 

10 .8  
8.8 

12 .0  
13 .3  
25.0 

18 .0  
16.0 
27.5 
21.7 

9.7 

46.8 
30.0 
38.3 
32.5 
25.8 

Average 13.98 18.58 34.68 

The f i g u r e s  i n d i c a t e  t h a t  a s imple  ove r l app ing  seam p r o v i d e s  t h e  lowes t  
r e s i s t a n c e  and t h e r e f o r e  t h e  b e s t  e lec t r ica l  c o n t a c t .  

Table  19 compares t e n s i l e  s t r e n g t h  of material 144 seamed by d i f f e r e n t  
methods. It shows t h a t  30-gage t a p e  does  n o t  seal through t h e  openings i n  
t h e  mesh ac - ' F e c t i v e l y  as t h e  t h i n n e r  t a p e .  

63 



, 

TABLE 19 

Comparison of Seam Types and Tape System 

Material Bonded - 144-4 MD 

Tape Width 

15 G a .  Mylar by 
1 / 4 - m i l  GT-200 3/8 

30 G a .  Mylar by 
i/4-mil GT-200 1/2 

Over lap  J o i n t  Bu t t  J o i n t  

7 . 8  l b / i n  8.1 

2 .9  16 .0  

8 .2  CYLINDERS 

I n i t i a l l y  i t  was d e s i r e d  t o  tes t  t h e  s e l f - e r e c t i n g  m a t e r i a l  by 
dep loy ing  a s imple  r i g h t  c y l i n d e r .  The f i r s t  models of t h i s  t y p e  were 
7-1/2 inches  i n  d i ame te r  and 1 2  inches  h i g h  w i t h  f l a t  ends i n  p l ace .  The 
ends were f a s t e n e d  t o  t h e  edges of t h e  c y l i n d e r  w i t h  a s o l u t i o n  of s i l i c o n e  
rubbe r .  F i g u r e  28 shows how t h e  c y l i n d e r  erects under e s s e n t i a l l y  1-g. To 
e v a l u a t e  t h i s  t h e  c y l i n d e r  w a s  merely f l a t t e n e d  pe rpend icu la r  t o  i t s  major 
axis.  When r e l e a s e d  t h e  c y l i n d e r  popped up q i~ i - ck ly  and comple te ly ,  

Following thj-s a s p e c i a l  deployment t echn ique  w a s  dev i sed  t o  dep loy  t h e  
c y l i n d e r s  from a c a n i s t e r .  The c y l i n d e r ,  suppor ted  by 3 s t r i n g s ,  was packed 
i n  a c a n i s t e r  c o n s i s t i n g  of two p l a t e s  spaced so t h a t  t h e  packing  volume 
w a s  12- by 2- by 1/8-inches.  These dimensions are based on a packing f a c t o r  
of 3.0. Motion p i c t u r e s  were t aken  a t  80 frames p e r  second d u r i n g  t h e  
c y l i n d e r  deployment. Frames of t h e s e  sequences have been s e l e c t e d  and are  
grouped i n  f i g u r e  29. F igu re29ashows  t h e  packed c a n i s t e r  p r i o r  t o  release, 
29b a t  t h e  p o i n t  where t h e  c a n i s t e r  i s  f a l l i n g  away, 29c t h e  c y l i n d e r  w e l l  
on i t s  way t o  deployment, w h i l e  29d t h e  u l t i m a t e  shape of t h e  c y l i n d e r .  

A number of t h e s e  tests were run  on c y l i n d e r s  c o n s t r u c t e d  of v a r i o u s  
weights  of material. It w a s  found t h a t  material from run  No. 131 performed 
v e r y  w e l l  when t h e  machine d i r e c t i o n  f i b e r s  were p a r a l l e l  t o  t h e  ends  of t h e  
c y l i n d e r .  The r i g i d i t y  i n  t h i s  d i r e c t i o n  has been measured a t  850-900 
m i l l i g r a m  c e n t i m e t e r s .  Material from runs  130 and 129 w a s  a l s o  deployed i n  
t h i s  manner; however, it w a s  found t h a t  material u s u a l l y  f a i l e d  t o  erect so 
t h a t  t h e  c r o s s - s e c t i o n  of t h e  c y l i n d e r  w a s  c i r c u l a r .  A schemat ic  of t h e  
c a n i s t e r  system i s  shown i n  f i g u r e  30. 

The c y l i n d e r  w a s  t h e n  f o l d e d  t o  a s i z e  approximate ly  2- by 2- by 3/4- 
i nches  and t o s s e d  i n t o  t h e  a i r .  F i g u r e  31  shows t h e  manner i n  which t h e  
c y l i n d e r  deployed. The e l apsed  t i m e  d u r i n g  t h e s e  p i c t u r e s  i s  approximate ly  
one-half of one second. 

A qi.mF -: 3f t echn iques  w e r e  used t o  pack t h e  c y l i n d e r  w i t h  f l a t  ends ,  
i n c l u d i n g  packaging i n  t h e  c a n i s t e r  d e s c r i b e d  above. The c y l i n d e r  w i t h  f l a t  
ends w a s  packed by r o t a t i n g  t h e  ends i n  o p p o s i t e  d i r e c t i o n s  and a l lowing  t h e  
m a t e r i a l  t o  g a t h e r  as t h e  ends were brought t o g e t h e r  f l a t .  Once t h e  c y l i n d e r  
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Figure 28 Erection of Cylinder Under Its Own Weight 

Figure 29 Erection of Supported Cylinder 
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has  been c o l l a p s e d  p a r a l l e l  t o  t h e  major a x i s ,  t h e  r e s u l t i n g  c i r c u l a r  f l a t  
o b j e c t  i s  f o l d e d  t o  t h e  dimensions d e s c r i b e d  above. 

8.3 SPH'EXES 

Because of t h e  success of t h e  e r e c t i o n  of c y l i n d e r s  a number of models 
of a s p h e r i c a l  c o n f i g u r a t i o n  w e r e  made. The f i r s t  models, 17-9 18-, and 
30-inches i n  d i a m e t e r ,  were of a gored  type .  I n i t i a l l y  t h e  s p h e r e s  w e r e  t o  
have an ove r l app ing  seam and a b i t a p e  c o n s t r u c t i o n .  However, i n  a t t e m p t i n g  
t o  package a 30-inch s p h e r e  prepared  from 134 material, it i s  found t h a t  
t h e r e  w a s  e x c e s s i v e  breakage i n  areas nex t  t o  t h e  b i t a p e  seal .  I t  w a s  also 
noted thit the  miterial  a p p a r e n t l y  d i d  na t  hnvc c n ~ u g h  s t r e n g t h  t o  support 
i t s  own weight ;  i n  f r e e  f a l l ,  t h e r e  w a s  no i n d i c a t i o n  t h a t  t h e  material  would 
e r e c t  i t s e l f .  A t  t h i s  p o i n t  material 135 w a s  p repa red .  Material 135 has  no 
conduct ive  c o a t i n g  and has  on ly  5 f i b e r  bundles p e r  i nch  i n  t h e  machine and 
t r a n s v e r s e  d i r e c t i o n s .  The r i g i d i t i e s  of 132 and 135 are e s s e n t i a l l y  equa l  
i n  t h e  t r a n s v e r s e  d i r e c t i o n s  but  material No. 135 i s  approximate ly  6 ' t o  7 
t i m e s  more r i g i d  i n  t h e  machine d i r e c t i o n .  These two materials were f a b r i -  
c a t e d  i n t o  a number of sphe res .  In  a n  a t t empt  t o  de te rmine  t h e  p r a c t i c a l  
l i m i t  of s i z e  as a f u n c t i o n  of r i g i d i t y ,  three d i f f e r e n t  s i z e  s p h e r e s  w e r e  
made; namely, 12- inch ,  18 - inchY and 30-inch d iameter  sphe res .  F i g u r e  32 
shows f o u r  of t h e s e  sphe res  a t  rest on a t a b l e ,  t h e  da rk  s p h e r e s  be ing  made 
of No. 132 material and t h e  l i g h t e r  of 135 m a t e r i a l .  The l a r g e r  sphe res  shown 
are  1% inches  i n  d i ame te r  w h i l e  t h e  smaller are 1 2  inches  i n  d i ame te r .  A s  can 
be seen t h e  l a r g e r  s p h e r e  of 132 material does n o t  have enough s t r e n g t h  t o  
s t and  s p h e r i c a l l y  i n  t h e  cne-g cnvironment,  v h i l e  t h e  18- inch  s p h e r e  of 135 
material s t a n d s  v e r y  w e l l  under i t s  own weight .  The 30-inch s p h e r e  of 135 
material buck le s  under i t s  weight v e r t i c a l l y  t o  t h e  same e x t e n t  as t h e  18-inch 
sphe re  of 132 material. 

8 .3 .1  Buck1 i n g  

These model s p h e r e s  w e r e  b u i l t  t o  s t u d y  f o l d i n g  t e c h n i q u e s ,  and show 
t h a t  l o c a l  buck l ing  may be a problem. When a s t r u c t u r a l  member i s  loaded i n  
compression, t h e  middle  of t h e  member d e f l e c t s  l a t e r a l l y  i n  a d i r e c t i o n  normal 
t o  t h e  p l a n e  of t h e  member. I f  a p p l i c a t i o n  of t h e  load  i s  con t inued  t h e  
member c o l l a p s e s .  This  l oad  a t  which t h e  member f a i l s  depends upon t h e  shape ,  
dimensions , s u p p o r t  c o n d i t i o n s ,  and t h e  p h y s i c a l  p r o p e r t i e s  of t h e  material 
involved .  I n  t h e  c a s e  of a s p h e r e ,  i f  t h e  f l e x u r a l  r i g i d i t y  i s  i n s u f f i c i e n t ,  
f a i l u r e  may occur  a t  stresses fa r  below t h e  e l a s t i c  l i m i t  of t h e  material .  
The p r e s s u r e  a t  which t h e  s p h e r i c a l  form becomes u n s t a b l e  o r  buck l ing  occur s  
is c a l l e d  t h e  c r i t i c a l  o r  buck l ing  p r e s s u r e .  
buckl ing  of t h e  s p h e r e  o r  it may be l o c a l i z e d  i n  a small p o r t i o n  of t h e  sphe re .  

The buck l ing  may be o v e r a l l  

Buckling had never  been n o t i c e d  b e f o r e  as t h e  models d i d  n o t  have 
compound c u r v a t u r e .  S e l f - e r e c t i n g  f o r c e  a p p a r e n t l y  works ve ry  w e l l  ove r  p l a n e  
s u r f a c e s ,  o r  i n  o b j e c t s  such as c y l i n d e r s ,  bu t  buckl ing  occur s  i n  o b j e c t s  
w i t h  compound c u r v a t u r e s  such  as s p h e r e s .  This m e t a s t a b l e  p o s i t i o n  is d i s a s t r o u s  
s i n c e  any o b j e c t  may have t o  pas s  through t h i s  buckled c o n d i t i o n  d u r i n g  i t s  
deployment. 
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It h a s  been found tha t  a buckled area has  f a i r l y  f i n i t e  dimen- 
s i o n s .  The s u r f a c e  of a hemisphere can be depressed  u n t i l  a c e r t a i n  area 
has  been buckled. 
t o  i t s  d e s i r e d  shape .  Depression beyond t h i s  p o i n t  o r  of a larger  area 
causes  buckl ing .  It w a s  concluded t h a t  t h e  packaging c o n f i g u r a t i o n  should  
keep t h e  f o l d e d  area smaller t h a n  t h e  s p e c i f i c  buckled area f o r  a g iven  
material. T e s t s  have shown t h a t  if t h e  f o l d i n g  t echn ique  invo lves  an  area 
extending  beyond a- t a p e  seam o r  exceeds 15 p e r  c e n t  of t h e  t o t a l  area of t h e  
sphe re  buckl ing  w i l l  r e s u l t .  

Before  t h i s  p o i n t  i s  reached t h e  material w i l l  s p r i n g  back 

A s t u d y  w a s  conducted i n  an e f f o r t  t o  measure t h e  e f f e c t e d  area 
i n  a buck le  a f t e r  it had occurred .  The shapes  and s i z e s  of v a r i o u s  buckled 

aiid LA-..: -7- ---- arc-.z in kn+L m..l.'..-'..- 

recorded .  
manently buck le  t h e  s p h e r e s .  By p rob ing  t h e  s p h e r e s  from several p o s i t i o n s ,  
e . g . ,  over  a sea l ,  a c r o s s  a g o r e ,  o r  ove r  t h e  p o l a r  cap ,  i n fo rma t ion  could be 
developed r e g a r d i n g  t h e s e  buckled area. It w a s  no ted  t h a t  one  p o r t i o n  of t h e  
buckle  p a r a l l e l e d  o r  ended a t  t h e  b u t t  j o i n t  of a sea l ,  u s u a l l y  invo lv ing  a 
s h a r p  crease i n  t h e  t a p e  material .  I t  w a s  noted t h a t  i f  t h e  pe r ime te r  of t h e  
buckled area remained c i r c u l a r ,  t h e  material would r e t u r n  t o  i t s  s p h e r i c a l  
shape .  I n  sphe res  of g o r e  c o n s t r u c t i o n  t h e  area r e s i s t i n g  permanent buckl ing  
b e s t  was t h e  p o l a r  r eg ion ,  w h i l e  t h e  weakest area tended t o  be  i n  t h e  equa- 
t o r i a l  r eg ion .  However, i n  s p h e r e s  w i t h  go res  c u t  a t  a 45-degree a n g l e  t o  
t h e  th read  p a t t e r n ,  t h e  go re  area r e s i s t e d  buck l ing  e q u a l l y  w i t h  t h e  p o l a r  
r eg ion .  

L w n l s p L w x  es of var-lous rnateriais were t e s t e d  and 
A probe of approximate ly  3/8-inch d i ame te r  w a s  employed t o  pe r -  

vu L L L  oyl'cl. c.3 

A7 AI. 'h-.. "ugh the above tesLiiig i s  n o t  e x a c t ,  it does shed l i g h t  on 
t echn iques  and g u i d e l i n e s  f o r  proper  f o l d i n g  of sphe res .  

8.3.2 Fo ld ing  

Based on t h e  s tudy  r ega rd ing  s i z e  of buckled areas, a s t u d y  i n t o  
f o l d i n g  t echn iques  of s p h e r i c a l  o b j e c t s  w a s  made. A s  it was d e s i r e d  t h a t  t h e  
f o l d e d  areas be kep t  smaller than  t h e  minimum buckl ing  areas, s p e c i a l  t echn iques  
were employed. To minimize breakage of t h e  f i b e r  bundles i t  w a s  found t h a t  t h e  
sphe res  must be c a r e f u l l y  f o l d e d .  Although t h e  f i r s t  f o l d  can be main ta ined  
w i t h  a s p e c i f i c  r a d i u s ,  when a secondary f o l d  i s  made a c r o s s  t h e  f i r s t ,  t h e  
r a d i u s  of t h e  f i r s t  f o l d  becomes ze ro .  Because it i s  impor t an t  t h a t  t h e  r a d i u s  
of f o l d i n g  of s e l f - e r e c t i n g  material never  be less t h a n  1/32-inch, it i s  ve ry  
impor tan t  t h a t  t h e  primary f o l d s  be  r e i n f o r c e d  so t h a t  t h r e a d s  do n o t  break  
du r ing  f o l d i n g .  
e f f i c i e n t  u se  of t h e  e r e c t i o n  f o r c e s  s t o r e d  i n  t h e  f o l d i n g  p r o c e s s .  

It w a s  a l s o  d e s i r e d  t h a t  t h e  f o l d i n g  t echn iques  would provide  

The t y p e s  of f o l d i n g  modes i n v e s t i g a t e d  i n  t h i s  s t u d y  are p i c t u r e d  
i n  f i g u r e  33. Type A u s e s  t h e  b i t a p e  seam as a h inge  area and t h e  c e n t e r  of 
t h e  go re  i s  f o l d e d  l i g h t l y  towards t h e  i n s i d e  of t h e  sphe re .  This t y p e  worked 
o u t  b e s t  and was a l s o  t h e  most s imple .  Type B m e d  t h e  same p r i n c i p l e  o n l y  
t h e  s e l f - e r e c t i n g  material  was f o l d e d  i n  t h e  middle p a r t  of t h e  go re  i n  such  
a way t h a t  t h e  midpoin ts  of t h e  g o r e  were fo lded  o u t  from t h e  c e n t e r  of t h e  
sphe re .  Type C w a s  used w i t h  s p h e r e s  w i t h  ove r l app ing  seams; no f o l d  w a s  made 
a c r o s s  t h e  s e a l .  
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8.3.3 Formed Spheres 

A number of 12- and 16-1/2-inch d i ame te r  sphe res  w e r e  made by 
forming two hemispheres and t h e n  b i t a p i n g  a seam around t h e  e q u a t o r .  Such a 
s p h e r e  i s  shown i n  f i g u r e  34. Two t echn iques  w e r e  used t o  p r e p a r e  t h e  hemi- 
sphe res .  One w a s  t h e  w e t  layup p rocess  which c o n s i s t e d  of soak ing  s i z e d  g l a s s  
f a b r i c  and s o f t e n i n g  t h e  s t a r c h  so t ha t  t h e  f i b e r s  could  be r e o r i e n t e d  t o  form 
a hemisphere w h ~ i i  p r e s sed  over a m o l d .  
t h e  material coa ted  w i t h  GT-201, b e f o r e  p r e s s i n g  it on the hemisphe r i ca l  mold. 

A second tecfiiiLqiie used an 0vei-i t u  heat 

I n  packaging t h e s e  sphe res  a tendency f o r  buckl ing  w a s  observed. 
F u r t h e r  i n v e s t i g a t i o n  of 135 material showed t h a t  t h e  buck l ing  mode w a s  
d i r e c t i o n a l ,  forming p r e f e r e n t i a l l y  i n  the machine d i r e c t i o n .  A s  t h e  135 mater- 
i a l  i s  ex t remely  unbalanced w i t h  a r a t i o  of r i g i d i t y  between t h e  machine and 
t r a n s v e r s e  d i r e c t i o n  of approximate ly  6 o r  7 t o  one ,  t h i s  a p p a r e n t l y  r e v e a l s  
t h e  n a t u r e  of t h e  buckle .  The s p h e r e  made of 135 material w a s  c o n s t r u c t e d  
w i t h  t h e  hemispheres 90 deg rees  out of phase,  s o  t h a t  h a l f  of t h e  sphe re  w a s  
f o l d e d  p a r a l l e l  t o  t h e  machine d i r e c t i o n  and t h e  o t h e r  h a l f  of t h e  s p h e r e  
p a r a l l e l  t o  t h e  t r a n s v e r s e  d i r e c t i o n .  It w a s  found t h a t  t h e  material f o l d e d  
p a r a l l e l  t o  t h e  t r a n s v e r s e  t h r e a d s  always tended t o  erect i t s e l f .  The o t h e r  
h a l f  of t h e  sphe re ,  where t h e  f o l d e d  areas were p a r a l l e l  t o  t h e  most r i g i d  
dimension, would n o t  f u l l y  erect .  A c r o s s - s e c t i o n a l  view of a s p h e r e  t h a t  has  
been buckled p e r p e n d i c u l a r  t o  t h e  most r i g i d  dimension shows t h a t  t h e r e  i s  a 
smooth cu rve  of t h e  f i b e r s  i n  t h i s  buckled area. It  i s  concluded t h a t  f o l d i n g  
should  be performed p e r p e n d i c u l a r  t o  t h e  most r i g i d  dimension. This  conc lus ion  
l e d  t o  t h e  r e q u e s t  t o  t h e  weaver t h a t  a p o r t i o n  of t h e  f a b r i c  o rde red  be  pro- 
duced w i t h  asymmetr ica l ly  w i t h  t h e  t r a n s v e r s e  d i r e c t i o n  f i b e r s  much more r i g i d  
t h a n  t h e  machine d i r e c t i o n  f i b e r s .  

The formed s p h e r e s  had a d i s t i n c t l y  l a r g e r  c r i t i ca l  buck l ing  area 
t h a n  t h e  sphe re  made of g o r e s .  However, it would be r a t h e r  d i f f i c u l t  t o  con- 
s t r u c t  l a r g e  sphe res  by forming. 

8 .3 .4  Spheres of Biased Gores - 
It w a s  found i n  s t a t i c  f o l d i n g  tes ts  t h a t  t h e r e  w a s  d e c i d e d l y  more 

r e s i s t a n c e  t o  f i b e r  breakage when material was f o l d e d  a t  a 45-degree a n g l e  t o  
t h e  f i b e r  bundles .  T h i s  prompted t h e  c o n s t r u c t i o n  of a 12- inch  d i ame te r  gored 
s p h e r e  made w i t h  material c u t  on a b i a s .  Th i s  s p h e r e  w a s  fo lded  acco rd ing  t o  
method A i n  f i g u r e  33; when deployed it e r e c t e d  t o  an  o b j e c t  approximate ly  
10 inches  i n  d i ame te r  a t  t h e  e q u a t o r  by 14 inches  long from p o l e  t o  po le .  

8 .3 .5  T e s t  Models 

I n  p r e p a r i n g  f o r  t h e  deployment test  a t  Goddard Space  F l i g h t  C e n t e r ,  
30-inch-diameter sphe res  were made from material produced i n  run  N o .  136 and run 
N o .  137. N o .  136 f a b r i c  had a h i g h  r i g i d i t y  i n  t h e  t r a n s v e r s e  d i r e c t i o n  and t h e  
go res  were c u t  SO t h a t  t h e  t r a n s v e r s e  d i r e c t i o n  f i b e r s  w e r e  p a r a l l e l  t o  t h e  
e q u a t o r  of t h e  sphe re .  The go res  of t h e s e  s p h e r e s  were b u t t - s e a l e d .  The 
material  from run  N o .  137 c o n s i s t e d  of a balanced material c u t  a t  a 45-degree 
a n g l e  so t h a t  t h e  g o r e s  could  be f o l d e d  wi thou t  produced 180-degree f o l d s  i n  
t h e  f i b e r s .  These sphe res  w e r e  deployed under a tmospher ic  c o n d i t i o n s  a +  t h e  
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Figure 34 1 6  1/2-in. Dia ,  Sphere Made of 2 Formed Hemispheres 
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G .  T. S c h j e l d a h l  Company; f i g u r e  35 shows a sequence of one of t h e s e  deploy- 
ments. As can  be seen  by t h e  photographs t h e  deployment w a s  incomple te  t o  t h e  
approximate dimensions of 15 inches  d i ame te r  by 40  inches  long .  The s p h e r e  
w i t h  t h e  g o r e s  c u t  a t  a 45-degree a n g l e  w a s  a l s o  t e s t e d  under t h e s e  c o n d i t i o n s  
and d i d  n o t  deploy. These tests i n d i c a t e d  t h a t  a more e f f i c i e n t  means would 
have t o  be dev i sed  t o  r e a l i z e  and demonst ra te  t h e  f e a s i b i l i t y  of e r e c t i n g  a 
30-inch sphe re .  

It w a s  found t h a t  a c i r c u m f e r e n t i a l  t uck  i n  t h e  s p h e r e s  a i d e d  
deployment. This  t uck  w a s  made by f o l d i n g  one-half  t h e  s p h e r e  i n s i d e  t h e  
o t h e r ,  and sewing t h e  two h a l v e s  t o g e t h e r  nea r  t h e  f o l d .  When t h e  sphe re  
w a s  t h e n  unfo lded  t h e  sewed p o r t i o n  formed a c i r c u m f e r e n t i a l  f l a n g e .  F i g u r e  
36 shows t h e  d e t a i l s  of t h i s  c o n s t r u c t i o n .  A number of a tmospher ic  deploy- 
ment tests run  a t  G. T. S c h j e l d a h l  showed t h e  success  of t h i s .  Using t h e  
sphe res  deployed i n  ear l ier  tes t s ,  it w a s  found t h a t  a s p h e r e  w i t h  a r e i n -  
f o r c e d  e q u a t o r  would deploy  t o  2 4  t o  25 inches  e q u a t o r i a l  d i ame te r  and by 
approximate ly  32 inches  p o l a r  d i ame te r .  It w a s  f e l t  t h a t  a s p h e r e  t h a t  had 
been fo lded  o n l y  once would deploy i t s e l f  comple te ly .  
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Figure  37 Dynamic Test Chamber at GSFC 

7 7  



9.0 DEPLOYMENT TESTS AT GSFC --- 

Deployment tests a t  Goddard Space F l i g h t  C e n t e r  i n  t h e  dynamic test 
chamber were conducted t o  e v a l u a t e  s e l f - e r e c t i n g  p r o p e r t i e s  i n  a vacuum under 
f r e e  f a l l  c o n d i t i o n s .  The chamber had a number of moni tor ing  d e v i c e s ;  one  
16-mm camera capab le  of  t a k i n g  250 f rames  pe r  second and two 70-mm cameras 
capab le  of t a k i n g  20 frames p e r  second. The chamber w a s  a l s o  equipped w i t h  
a number of TV moni to r s ,  two of which w e r e  used .  The placement of t h e  cameras 
i s  shown i n  f i g u r e  37. The cameras w e r e  equipped w i t h  wide a n g l e  l e n s  so 
t h a t  80 t o  90 p e r  c e n t  of each  f l i g h t  could  be monitored by each  camera. The 
deployment machine i s  d e s c r i b e d  i n  t h e  appendix.  

A t  t h e  beginning  of t h e  tes t  it w a s  dec ided  t h a t  a program would be  used 
t o  s tar t  t h e  l i g h t s ,  camera, and f i r e  t h e  s q u i b  i n  t h e  p rope r  o r d e r .  The 
t iming  sequence w a s  as fo l lows :  F i r s t  one bank of l i g h t s  was t u r n e d  on, 
a f t e r  one second t h e  second bank of l i g h t s  w a s  l i t ,  a f t e r  ano the r  second t h e  
cameras were s t a r t e d ,  and on t h e  f o u r t h  second t h e  s q u i b  on t h e  deployment 
machine w a s  f i r e d .  A f t e r  f o u r  seconds t h e  cameras were s topped ,  and af ter  
f i v e  seconds t h e  l i g h t s  were tu rned  o f f .  Th i s  procedure  w a s  fo l lowed i n  a l l  
of t h e  tests run a t  Goddard. 

The f i r s t  test  c o n s i s t e d  of a s p h e r e  c o n s t r u c t e d  of material No. 137. 
The g o r e s  of t h i s  s p h e r e  were c u t  a t  a 45-degree a n g l e  s o  as t o  minimize 
breakage d u r i n g  packaging i n  t h e  c a n i s t e r .  The sphe re  a l s o  had a t u c k  around 
t h e  equa to r .  The tes t  proceeded as planned and t h e  s p h e r e  deployed as a 
p r o l a t e  sphe ro id  approximate ly  1 2  i nches  i n  d i ame te r  w i t h  a pole- to-pole  l e n g t h  
of 40 inches .  These measurements a re  based on t h e  h igh  speed motion p i c t u r e  
f i l m  r e c e i v e d  from NASA. The t e s t  w a s  run  a t  a p r e s s u r e  of 0 .9  of a m i l l i -  
meter of mercury. Upon release of t h e  vacuum t h e  s p h e r e  was examined and 
found t o  have no a p p a r e n t  d e f e c t s  from t h i s  t es t  and a d i ame te r  of 20 inches  
and a l e n g t h  of 39 inches .  Th i s  i n c r e a s e  i n  deployed s i z e  w a s  undoubtedly 
due t o  t h e  a i r  c u r r e n t s  w i t h i n  t h e  vacuum chamber and w a s  a t  f i r s t  cons ide red  
t o  be t h e  deployed s i z e  d u r i n g  t h e  t es t .  

Because of t h e  f i n a l  r e s t i n g  p l a c e  of t h e  s p h e r e  it w a s  f e l t  t h a t  t h e  
deployment machine w a s  n o t  p e r p e n d i c u l a r .  The re fo re ,  f o r  t h e  f o l l o w i n g  tests 
t h e  c a t a p u l t  w a s  shimmed so t h a t a m o r e  v e r t i c a l  f l i g h t  would be observed. 

The second tes t  c o n s i s t e d  of t h e  deployment of two 18-inch d i ame te r  
sphe res  from a c a n i s t e r  of t h e  s i z e  d e s c r i b e d  i n  a n  ear l ie r  s e c t i o n .  The 
p r e s s u r e  i n  t h e  chamber a t  t h e  t i m e  of deployment w a s  0.99 m i l l i m e t e r s  of 
mercury. The sphe res  were c o n s t r u c t e d  of No. 137 material  and had t h e i r  g o r e s  
c u t  a t  a 45-degree a n g l e .  
p iano  w i r e s .  F i g u r e  38  shows t h e  two sphe res  i n  t h e  f r e e  f a l l .  F i g u r e  38a 
is a s t i l l  from t h e  t o p  camera sequnce ,  s h o r t l y  a f t e r  deployment. It  shows 
t h a t  t h e  r e i n f o r c e d  s p h e r e  popped o u t  of t h e  c a n i s t e r  and e r e c t e d  immediately. 
F i g u r e  38b i s  a s t i l l  p i c t u r e  d u r i n g  t h e  d e s c e n t  of t h e  sphe res .  Only t h e  
p iano  w i r e  r e i n f o r c e d  sphe re  e r e c t e d .  

One of t h e  s p h e r e s  w a s  r e i n f o r c e d  w i t h  s i x  20-mil 

The t h i r d  t es t  c o n s i s t e d  of a s p h e r e  c u t  from 136 material wi th  t h e  go res  
c u t  w i t h  material more r i g i d  i n  t h e  t r a n s v e r s e  d i r e c t i o n .  The p r e s -  l L  t h e  
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t i m e  of t h e  tes t  w a s  1.3 X F i g u r e  39a shows t h i s  s p h e r e  j u s t  
a f t e r  release and a f t e r  deployment,  w h i l e  39b shows it on d e s c e n t .  A t  t h i s  
p o i n t  it w a s  q u e s t i o n e d  i f  t h e  t i m e  of f r e e  f a l l  w a s  long  enough f o r  t h e  
material t o  have e r e c t e d .  Motion p i c t u r e  r e c o r d s  t a k e n  of t h e s e  tes ts  have 
shown t h a t  i t  w a s  n o t .  

t o r r .  

The above tes ts  were cons idered  a s u c c e s s  as t h e r e  w a s  no d i f f i c u l t y  
wi th  t h e  deployment machine nor  any s c h e d u l i n g  problems d u r i n g  t h e  u s e  of 
t h e  dynamic t es t  chamber. 
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APPENDIX I 

STRUCTURAL ANALYSIS 

This  s e c t i o n  i n c l u d e s  f o u r  approaches t o  t h e  s t r u c t u r a l  a n a l y s i s  of 
l a r g e  three-d imens iona l  c u r v i l i n e a r  o b j e c t s  under space  c o n d i t i o n s .  

%fie f i r s t  approach ana iyzes  t h e  problem from t h e  s t a n d p o i n t  of a 
c y l i n d e r .  
i s  a more r i g i d  geometr ic  shape  t h a n  a c y l i n d e r .  

This  approach p rov ides  a c o n s e r v a t i v e  s o l u t i o n  because  a s p h e r e  

The remaining t h r e e  approaches c o n s i d e r  a gored sphe re .  The second 
assumes no c o n t i n u i t y  a l o n g  t h e  seams and t h u s  g i v e s  c o n s e r v a t i v e  r e s u l t s .  

The t h i r d  uses  t h e  t h e o r y  of e l a s t i c i t y ,  assuming t h a t  t h e r e  a r e  no 
seams and t h a t  t h e  o b j e c t  i s  made of con t inuous ,  homogenous, i s o t r o p i c  and 
e las t ic  material. To a l low f o r  t h e  i n c o n s i s t e n c y  between assumed and a c t u a l  
material ,  a form f a c t o r ,  1/30, has  been in t roduced  i n  t h e  equa t ions .  

The f o u r t h  approach  o u t l i n e s  t h e  m a t r i x  method of a n a l y s i s ,  a method 
e s p e c i a l l y  s u i t a b l e  f o r  mesh m a t e r i a l .  The material mesh s i z e  may be used 
as t h e  mathematical  mesh s i z e  f o r  i d e a l i z e d  s t r u c t u r e . ’  Furthermore,  weave 
s t r u c t u r e  of t h e  t h r e a d s  can e a s i l y  and a c c u r a t e l y  be  i d e a l i z e d  f o r  mathe- 
m a t i c a l  models. This  method i s  a l s o  w e l l  s u i t e d  f o r  a h i g h  speed d i g i t a l  
computer, and once programmed, an optimum a n a l y s i s  can be accomplished. 

The r e s u l t s  of a n a l y s e s  from t h e s e  approaches are a l s o  inc luded .  It 
is e v i d e n t  t h a t  a sphe re  of 450 f e e t  i n  d i ame te r  o r  even l a r g e r  i s  s t r u c -  
t u r a l l y  f e a s i b l e  wi th  t h e  materials developed under  t h i s  c o n t r a c t .  

All of t h e s e  approaches assume t h a t  t h e  material  i s  abso rb ing  a l l  of 
t h e  l i g h t  s t r i k i n g  i t s  s u r f a c e .  Th i s  i n t r o d u c e s  an a d d i t i o n a l  s a f e t y  
f a c t o r  of approximate ly  3 . 0  as a = 0.3.  



1.0 A CYLINDER UNDER SPACE CONDITIONS - -- 

S u n l i g h t  impinges on a f u l l y  e r e c t e d  c y l i n d e r  from t h e  r i g h t .  It  i s  
assumed t h a t  a c o n s t a n t  f r a c t i o n ,  f ,  of t h e  s u n l i g h t  which h i t s  any p o r t i o n  
of t h e  c y l i n d e r  boundary f o r  t h e  f i r s t  t i m e  i s  completely absorbed ( t h e  mesh 
f i b e r s  are assumed b l a c k  h e r e ) .  
t h e  c y l i n d e r .  When it traverses t h e  c y l i n d e r  boundary f o r  t h e  second t i m e ,  
a f r a c t i o n  f i s  a g a i n  absorbed.  The f o r c e ,  t h e n ,  e x e r t e d  by s u n l i g h t  on 
t h e  r ight-hand h a l f  of t h e  c y l i n d e r  p e r  u n i t  l e n g t h  is: 

- 
The remaining l i g h t  (1- f )  goes on across 

Sf ( 2 r )  
C 

H e r e  S i s  t h e  s o l a r  c o n s t a n t ,  and c t h e  speed of l i g h t .  The f o r c e  e x e r t e d  
by s u n l i g h t  on t h e  le f t -hand  s i d e  of t h e  c y l i n d e r  p e r  u n i t  l e n g t h  i s :  

C 

I f  t h e  mass p e r  u n i t  l e n g t h  of t h e  c y l i n d e r  i s  m,  t h e n  t h e  a c c e l e r a t i o n  of 
t h e  c y l i n d e r  t o  t h e  l e f t  i s  g i v e n  by: 

The f o r c e  e x e r t e d  on t h e  r ight-hand h a l f  of t h e  c y l i n d e r  i s  g r e a t e r  t h a n  
t h a t  e x e r t e d  on t h e  le f t -hand  h a l f .  Consequent ly ,  t h e  c y l i n d e r  should 
f l a t t e n  somewhat, t h e  wid th  of t h e  f i g u r e  now be ing  smaller t h a n  i t s  h e i g h t .  
The c y l i n d e r  f l a t t e n s  u n t i l  stresses set  up i n  t h e  s e l f - e r e c t i n g  material 
make a l l  p o r t i o n s  of t h e  c y l i n d e r  accelerate a t  t h e  same ra t e .  

I t  i s  a r b i t r a r i l y  assumed h e r e  t h a t  t r o u b l e  i n  deployment can be ex- 
pec ted  i f  t h e  r a d i u s  of t h e  f u l l y  e r e c t e d  c y l i n d e r ,  s a y  i n  t h e  absence of  
s u n l i g h t ,  i s  j u s t  l a r g e  enough so t h a t  i n  t h e  p r e s e n c e  of s u n l i g h t  t h e  r i g h t  
and l e f t  extremities of t h e  f i g u r e  are r e g i o n s  of z e r o  c u r v a t u r e .  A c y l -  
i n d e r  of any larger r a d i u s  would e x h i b i t  a dog-bone appearance.  

Now t h e  c y l i n d e r  i s  a c c e l e r a t i n g  t o  t h e  l e f t  so  one should have t h e  
x-y c o o r d i n p t e  system a l s o  a c c e l e r a t i n g  t o  t h e  l e f t  a t  t h e  s a m e  ra te ,  and 
t h e n  perform t h e  a n a l y s i s  i n  t h i s  a c c e l e r a t i n g  system. 
t h i s  procedure by assuming t h a t  a n o t h e r  s u n  produces l i g h t  which s h i n e s  
on t h e  c y l i n d e r  from t h e  l e f t .  
Consider  t h a t  "quar te r"  of t h e  d i s t o r t e d  c y l i n d e r  which l i es  a t  t h e  lower 
r i g h t  hand, as i l l u s t r a t e d  on t h e  f o l l o w i n g  page. 

H e r e  w e  approximate 

The a c c e l e r a t i o n  of  t h e  c y l i n d e r  is now z e r o .  
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y t  I_ - 

The moment equa t ion  i s :  

d a '  - S f 2 ( y t - y 1 2  
d s  2c E 1  - - 

H e r e  E i s  Young's Modulus of t h e  material and I i t s  moment of i n e r t i a .  

R e w r i t e  t h e  equa t ion  as: 

s f2 (y t -y )2  da '  = d s  2 E I c  
* 

Define a new c o n s t a n t  C by: 

s f2 c = -  
2 E I c  

Replace d s  by S and r e p l a c e  d a '  by a; where n=1,2 ,3  .... f-1,f. 
t h e  l e n g t h ,  2 ,  of t h e  i l l u s t r a t e d  band i s  f S  and t h a t  t h e  r a d i u s  r of t h e  
u n d i s t o r t e d  c y l i n d e r  which gave rise t o  t h i s  d i s t o r t e d  band i s  g iven  by 
4Z/an. 

Note t h a t  

A computer program w a s  w r i t t e n  which g i v e s  ( x , y t > ,  2 ,  and r as a 
f u n c t i o n  of G. The b a s i c  f a c t  which s i m p l i f i e s  t h e  computation i s  i l l u s t r a t e d  
i n  t h e  f i g u r e  on t h e  fo l lowing  page: 
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Note t h a t :  

= S s i n  ( a '  + a') Y 1  1 2 

y2 = y1 + S s i n  (a' + a;> 
1 

+ a; + a'> 3 
yg = y2 + S s i n  (a' 1 

etc .  

And t h a t  

x = S cos  a; 1 

x = x + s cos (a' + a;> 
2 1 1 

x = x + s c o s  (a' + a '  4- a;> 
3 2 1 2 

etc.  

The computation must s t o p  when n becomes j u s t  l a r g e  enough, s a y  N ,  t o  make 

f a; = n/2 

m= 1 

S ince  t h e  e x p r e s s i o n  f o r  a '  i n v o l v e s  y t ,  and s i n c e  y t  can on ly  be known 
a f t e r  t h e  problem i s  s o l v e 8 ,  t h e  program i n i t i a l l y  r e q u i r e s  t h e  i n s e r t i o n  
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- of a l a r g e  y t  as a starter which t h e  program t h e n  a d j u s t s  as i t  proceeds 
s o  t h a t  i t  e v e n t u a l l y  converges t o  t h e  c o r r e c t  v a l u e .  
o u t  t h e  c o r r e c t  v a l u e  of y t  and t h e  a s s o c i a t e d  x. 

The program p r i n t s  

Now t h e  material under s tudy  has  an  E 1  = 1000 milligram-cm = 980 
The s o l a r  c o n s t a n t ,  

(2 .0 ) (4 .18 )  X l o 7  -- e r g s  

dyne-em. 

S i s  

The speed of l i g h t  is  3 X l o l o  cm/sec. 

cm2-sec 60 

Consequently C i s :  

With t h i s  C y  an  r of about  89 f t  w a s  o b t a i n e d ,  y t  be ing  108 f t  and x about 
78 E t .  When t h e  material s t r e n g t h  E 1  w a s  made t e n  t i m e s  g r e a t e r  s o  t h a t  C 
w a s  2.42 x 1 0 - 7 / f t 3 ,  t h e  r ob ta ined  was about  190 f t ,  y t  be ing  about  231 f t ,  
and x abou t  160 f t .  Note t h a t  l o l l 3  = 190/89. 
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2.0 GORED SPHERE UNDER SPACE CONDITIONS -- 

The fundamental q u e s t i o n  i s ,  what i s  t h e  maximum d iame te r  of a s e l f -  
e r e c t i n g  sphe re  which w i l l  deploy wi thou t  dimples o r  o t h e r  d i s c o n t i n u i t i e s ,  
and remain s t a b l e  under  t h e  a c t i o n  of superimposed f o r c e s  a f t e r  deployment. 

The s t 2 h i 1 L t y  i s  censiderec! f i r s t ,  alia it i s  assumed t e n t a t i v e l y  t h a t  
a f o l d i n g  t e c h n i q u e  can be  dev i sed  so  t h a t  a f o l d e d  s p h e r e  w i l l  dep loy  
p r o p e r l y .  The reason  f o r  t h i s  assumption is  t h a t  s t a b i l i t y  of t h e  s p h e r e  
under superimposed f o r c e s  i s  a f u n c t i o n  of t h e  p h y s i c a l  p r o p e r t i e s  of t h e  
material o n l y ,  w h i l e  deployment depends a l s o  upon t h e  f o l d i n g  technique .  

For t h e  sake of a n a l y s i s ,  t h e  s p h e r e  i s  assumed t o  be  made of gores  
and t h e  e f f e c t  of s o l a r  p r e s s u r e  i s  cons ide red .  I n  t h e  a n a i y s i s  the e f f e c t  
of c o n t i n u i t y  between t h e  g o r e s  has  n o t  been cons ide red .  Th i s  assumpt ion ,  
however, i s  on t h e  c o n s e r v a t i v e  s i d e  and sphe res  of t h e  r a d i u s  so  ob ta ined  
should  be s a f e  under given loads  w i t h  a c e r t a i n  f a c t o r  of s a f e t y .  
a n a l y s i s  f u r t h e r  assumes an  a b s o r p t i v i t y  equal  t o  u n i t y .  The a of e l e c t r o -  
l e s s -depos i t ed  copper on GT-301 i s  0.35. 
of 2 .5  to  3.0. F igu re40 ,  f l e x u r a l  r i g i d i t y  v s  r a d i u s ,  shows t h a t  a r i g i d i t y  
of 14,000 mg-cm would be r e q u i r e d  f o r  a 425-f t  d i ame te r  sphe re .  

+ h i s  

This  i n t r o d u c e s  a s a f e t y  f a c t o r  

2 . 1  ANALYSIS : 

Assume t h e  s u n l i g h t  impinging on a f u l l y  e r e c t e d  s p h e r e  from t h e  r i g h t  - 

Y 

I t  i s  assumed t h a t  a c o n s t a n t  f r a c t i o n  f of t h e  s u n l i g h t  which h i t s  
any p o r t i o n  of t h e  sphe re  boundary f o r  t h e  f i r s t  t i m e  i s  comple te ly  absorbed .  
The remaining l i g h t  (1 - f )  goes on a c r o s s  t h e  s p h e r e .  When it t r a v e r s e s  t h e  
sphe re  boundary, a f r a c t i o n  f is a g a i n  absorbed. The f o r c e  then  e x e r t e d  by 
s u n l i g h t  on t h e  r i g h t  hand h a l f  of t h e  sphe re  is: 

where S is  t h e  s o l a r  c o n s t a n t  
C i s  t h e  speed of l i g h t  
r i s  t h e  r a d i u s  of s p h e r e  
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F o r c e  e x e r t e d  by t h e  s u n l i g h t  on t h e  l e f t  hand h a l f  of t h e  s p h e r e  is: 

I f  M i s  t h e  t o t a l  mass of t h e  sphe re ,  t h e n  t h e  a c c e l e r a t i o n  ( a )  of 
t h e  s p h e r e  t o  t h e  l e f t  i s  g i v e n  by: 

Now t h e  s p h e r e  i s  a c c e l e r a t i n g  t o  t h e  l e f t  so  one should have t h e  X-Y 
c o o r d i n a t e  system a l s o  a c c e l e r a t i n g  t o  t h e  l e f t  a t  t h e  same rate,  and t h e n  
conduct t h e  a n a l y s i s  i n  t h i s  a c c e l e r a t i n g  system. Here w e  approximate t h e  
procedure  by assuming t h a t  ano the r  sun produces l i g h t  which s h i n e s  on t h e  
s p h e r e  from l e f t  hand s i d e ;  t h u s ,  t h e  r e s u l t i n g  a c c e l e r a t i o n  of t h e  s p h e r e  
i s  z e r o .  

S o l a r  p r e s s u r e  on a u n i t  a r e a  

S p h e r i c a l  S h e l l  

m- S 



Consider  one complete g o r e  of t h e  s h e l l  and, f o r  t h e  sake  of a n a l y s i s ,  
cons ide r  t h e  s t a b i l i t y  of t h e  t o p  h a l f  of t h e  g o r e .  The s o l a r  p r e s s u r e  i s  
assumed a c t i n g  p a r a l l e l  t o  t h e  X-axis. 
c u r v a t u r e  of t h i s  go re  i n  pu re  bending is  g iven  by*: 

The e x p r e s s i o n  f o r  t h e  change i n  

The go re  wid th  varies from apex t o  equa to r  acco rd ing  t o  t h e  fo l lowing  
formula: 

2n r  cos[ 

N gore  wid th  = 

where r i s  t h e  r a d i u s  of t h e  s p h e r e ,  N i s  t h e  number of g o r e s  t h a t  con- 
s t i t u t e  t h e  s p h e r e ,  d is  t h e  are l e n g t h  from t h e  X-axis t o  t h e  p o i n t  where 
go re  wid th  i s  be ing  cons ide red .  

The moment e q u a t i o n  (1) can now be w r i t t e n  as: 

e nr  cos- * d s  =Lyt [F2][2 ] [dy ' ] [ (y '  - y)][&] 

The moment o f  i n e r t i a  of t h e  g o r e  varies w i t h  t h e  wid th  of t h e  g o r e  and 
t h e  above e q u a t i o n  may be  r e w r i t t e n  as 

d s  e 
E(2nr cos  - r )I  

s P ( Y t  - Y I 2  
d v  = 

2c  E 1  - 
d s  

Some v a l u e s  r e p r e s e n t i n g  t h e  r e l a t i o n  between t h e  material s t i f f n e s s  and 
r a d i u s  of s p h e r e  are g iven  i n  t h e  t a b l e  below. 
.. 1 CI 

"Timoshenko, S t r e n g t h  of MaterLals, P a r t  I ,  D. Van Nostrand Company, I n c . ,  
Thirc! Edi+:-7 , 1955 
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No. 

1 

2 

3 

4 

5 

6 

7 

8 

--- 

E 1  (Milligram-in) 

2,000 

5,000 

10,000 

15,000 

20,000 

30,000 

40,000 

130 , 000 
1111 _̂ _- 

Radius (ft) 

112 

152 

190 

219 

241 

276 

3 04 

45 0 

--I-_____--. 
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3.0 MEMBRANE STRESSES I N  A SPHERE DUE TO SOLAR OR DYNAMIC PRESSURE - -  ----- 

The p r i n c i p a l  e x t e r n a l  l o a d i n g  t e n d i n g  t o  buckle  t h e  s p h e r e  i s  t h e  
d i r e c t  p r e s s u r e  of photons from t h e  sun. 
i n  t h e  v i c i n i t y  of t h e  e a r t h  and i s  1.3 x lo-’ p s i .  
over  the s u r f a c e  of t h e  sphere  i s  n o t  uniform. I n  terms of t h e  a n g u l a r  
c o o r d i n a t e  and of any p o i n t  on a mer id ian ,  as shown i n  f i g u r e  below, 

The s o l a r  p r e s s u r e  ( P I  i s  c o n s t a n t  
The a c t u a l  d i s t r i b u t i o n  

P 

t h e  normal p r e s s u r e  due  t o  s o l a r  p r e s s u r e  may b e  g iven  by P cos2cp o v e r  t h e  
windward h a l f  of t h e  s p h e r e  and by z e r o  on t h e  leeward h a l f .  This  unbalanced 
loading  causes  t h e  s p h e r e  t o  a c c e l e r a t e  through space ,  c r e a t i n g  i n e r t i a  
f o r c e s  on t h e  s k i n  which combine w i t h  t h e  e x t e r n a l  p r e s s u r e  f o r c e s  t o  create 
stresses i n  t h e  s k i n .  The t o t a l  combination of f o r c e s  i s  i n  e q u i l i b r i u m  b u t  
i s  d i s t r i b u t e d  nonuniformly over  t h e  sphere  and r e s u l t s  i n  nonuniform d i s t r i -  
bu t ion  of stresses i n  t h e  s k i n .  An approximation t o  t h e s e  stresses can be 
given by a l i n e a r  stress a n a l y s i s  through t h e  u s e  of membrane s h e l l  theory :  

-Pr P r  3 - 4 cos  Q n pJ = -  + -  ( ) - - c c p < n  
c p *  8 1 - c o s 9  2 -  - 

-Pr pr 5 - 3 cos cp - cos3  
8 1 - cos  cp N o  = 2 -C - ( 

where N and N a re  membrane f o r c e s  p e r  u n i t  l e n g t h  of t h e  p r i n c i p a l  normal 
s e c t i o n g  of t h e  s h e l l ,  and r t h e  r a d i u s  of t h e  s p h e r e .  e 

It can be  seen  t h a t  t h e  maximum compressive stresses occur  a t  t h e  stag- 
n a t i o n  p o i n t  and is  given by 

Ncp = Ne - - 16 
- 7  P r  - 

f o r  our  p r e s e n t  case 

P = (1.3 X lo-’) p s i  
r = (225  x 1 2 )  i n .  

.. 

The m a t e r i a l  p r e s e n t l y  being cons idered  i s  c a p a b l e  of much larger  com- 
p r e s s i v e  stresses. . 

A t a b l e  of t h e  normal stress f o r  v a r i o u s  r a d i i  fo l lows .  
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Radius ( f e e t )  Normal S t r e s s  
N = NQ 

(Pounds p e r  sq. i n . )  
cp 

25 
50 

1 no 
150 
2 00 
225 

0.17 x l oW6 -6 

-6 0.34 x 10 
n -68  x 
1.03 x 
1.37 x 
1.54  x 10 

This  r e l a t i o n  h a s  been r e p r e s e n t e d  g r a p h i c a l l y  on t h e  f o l l o w i n g ,  f i g -  
u r e  41. It can  b e  seen  t h a t  t h e  maximum compressive stress i n c r e a s e s  less 
r a p i d l y  w i t h  t h e  i n c r e a s e  i n  t h e  d i a m e t e r  f o r  l a r g e r  d i a m e t e r s  of t h e  sphere.  

3 .1  STRUCTURAL ANALYSIS 

3.1.1 Overall  Buck1 ing:  

U s e  t h e  e q u a t i o n  from p. 518, Timoshenko, Theory of  E l a s t i c  
S t a b i l i t y ,  2nd E d i t i o n ,  1961 - 

where P = s o l a r  p r e s s u r e ,  p s i  
r = r a d i u s  of s p h e r e  
E = modulus of e l a s t i c i t y  of material  
t = t h i c k n e s s  of material 
1-1 = P o i s s o n ' s  r a t i o  of t h e  material 

The above e q u a t i o n  can b e  r e w r i t t e n  as 

KD p = -  
r 2t 

where D i s  t h e  r i g i d i t y  of t h e  material and K i s  a c o n s t a n t  and e q u a l s  13.216. 

13.216 

r 2t 
P =  

S i n c e  P = 1 . 3  

-3 ' t = 4 m i l s  = 4 x 10 i n  

r = ( 2 2 5  X 1 2 )  inches  
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t h e n  
-6 D = 2.87 x 10 i n - l b  o r  

= 3.309 mg-cm 

Approximate c a l c u l a t i o n s  show tha t  i n  t h e  v i c i n i t y  of t h e  s p h e r i c a l  
shape of e q u i l i b r i u m  of a compressed s h e l l  t h e r e  e x i s t  forms of  e q u i l i b r i u m  
I L L  a1 i b”” r r h + l . r r  J r l o T r i  - 1 1  LU pte(! from the sph-er lcal  shape y h i &  r e q i j i r e  pressijres much 
smaller t h a n  t h o s e  g i v e n  by above e q u a t i o n s .  
d i s t u r b a n c e  d u r i n g  l o a d i n g  o r  i m p e r f e c t i o n  i n  t h e  s p h e r e  format ion  may pro- 
duce buckl ing  a t  p r e s s u r e s  much s m a l l e r  t h a n  t h o s e  g iven  by above t h e o r y .  

This  i n d i c a t e s  t ha t  v e r y  s m a l l  

A table  cjf reqiiii-ed s t i f f n e s s  f o r  various r a d L i  follows. 

Radius of t h e  Sphere 
( f e e t )  

25 
50 

100 
150 
200 
225 

Required S t i f f n e s s  
(mg-cm u n i t s )  

0.041 
0.163 
0.652 
1.467 
2.608 
3.309 

- 

This  r e l a t i o n  has  been r e p r e s e n t e d  g r a p h i c a l l y  e n  t h e  f o l l o w i n g  page,  
f i g u r e  42. 
i n c r e a s e s  less r a p i d l y  w i t h  t h e  i n c r e a s e  i n  t h e  d iameter  f o r  l a r g e r  d i a m e t e r s  
of t h e  s p h e r e .  

It may b e  concluded from t h i s  graph  t h a t  t h e  s t i f f n e s s  r e q u i r e d  

3.1.2 Local Buckl ing 

Buckl ing of s m a l l  a r e a s  of a s p h e r i c a l  s u r f a c e  i s  a much more 
c r i t i ca l  c o n d i t i o n  t h a n  genera l  o r  o v e r a l l  buckl ing.  

To s t u d y  l o c a l  b u c k l i n g ,  r e f e r e n c e  i s  made t o  “Axia l ly  Symmetric 
Buckling of Shal low S p h e r i c a l  S h e l l s  Under E x t e r n a l  P r e s s u r e ”  by R e i s s ,  
Dec. 1958, J o u r n a l  of Applied Mechanics. 

where Pcr  = c r i t i c a l  buckl ing  load  
E = modulus of  e l a s t i c i t y  
h = one h a l f  t h e  material  t h i c k n e s s  = t / 2  
r = r a d i u s  of t h e  s p h e r e  
p = l o a d i n g  parameter  = w2/p 

A = semiangle  of s h e l l  opening 
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F i g u r e  42 Radi-us of Spheres  v e r s u s  S t i f f n e s s  D 
(Based on Overall  Buckling C r i t e r i a )  
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Since  
p = 0.3  
K = 0.736 

I( = c).g55 
0 = 3.83 
p = 25.8  
p = 0.57 

E = 10’ p s i  

pc r  = 1 . 3  x lo-’ p s i  
-8 

A form f a c t o r  of 1/30 based on compara t ive  s t i f f n e s s e s  i s  sugges t ed .  

and 

.. 

- 30 Per r2  h -  
2 E K1’2 p 

h 2  = ( 4 . 0  x l o - ” )  r 2  

The fo l lowing  t a b l e  g i v e s  t h e  t h i c k n e s s  r e q u i r e d  f o r  v a r i o u s  r a d i i .  

Radius of Sphere  To ta l  t h i c k n e s s  of m a t e r i a l  
( f e e t )  ( i n c h e s  1 

25 3 . 8  x 10:; 
50 7 .6  x 10 -4 

100 1.52 x 
200 3.04 x 
225 3.42 x 10 

This  r e l a t i o n  h a s  been r e p r e s e n t e d  g r a p h i c a l l y  on t h e  fo l lowing  page, 
f i g u r e  43. I t  may a g a i n  be concluded t h a t  t h e  material t h i c k n e s s  r e q u i r e d  
i n c r e a s e s  less r a p i d l y  w i t h  t h e  i n c r e a s e  i n  t h e  d i ame te r  f o r  l a r g e r  d i ame te r s  
of t h e  s p h e r e .  
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4.0 METHODS OF STRUCTURAL ANALYSIS - 

The numerical  methods of s t r u c t u r a l  a n a l y s i s  f o r  de te rmining  stresses 
and d isp lacements  under  p r e s c r i b e d  a p p l i e d  loading  can be s e p a r a t e d  i n t o  
two b a s i c  t y p e s :  

(1 )  N i i m e r i c a l  s o l u t i o n  of d i f f e r e n t i a l  e q u a t i o n s  f o r  t h e  d isp lacements  
and stresses 

( 2 )  Matr ix  methods based on d i s c r e t e ' e l e m e n t  i d e a l i z a t i o n  

I n  t h e  f i r s t  t y p e ,  the  d i f f e r e n t i a l  e q u a t i o n s  of e l i s t i c i t y  are  solved 
f o r  a p a r t i c u l a r  s t r u c t u r a l  c o n f i g u r a t i o n  e i t h e r  by d i r e c t  numerical  i n t e -  
~ L - ~ L ~ o I I  o r  3y f i n i t e  d i f f e r e n c e  techniques .  I n  t h e  second t y p e ,  t h e  s t r u c t u r e  
i s  f i r s t  i d e a l i z e d  i n t o  a n  assembly of d i s c r e t e  s t r u c t u r a l  e lements ,  each 
having a n  assumed form of d isp lacement  o r  stress d i s t r i b u t i o n ,  and t h e  com- 
p l e t e  s o l u t i o n  i s  t h e n  o b t a i n e d  by combining t h e s e  i n d i v i d u a l  approgimate 
d isp lacements  o r  stress d i s t r i b u t i o n s  i n  a manner which s a t i s f i e s  t h e  f o r c e  
e q u i l i b r i u m  and displacement  c o m p a t i b i l i t y  a t  t h e  j u n c t i o n s  of t h e s e  elements .  
Thus i n  g e n e r a l ,  e q u i l i b r i u m  and c o m p a t i b i l i t y  are  s a t i s f i e d  a t  o n l y  a 
f i n i t e  number of p o i n t s ,  bu t  t h i s  does n o t  n e c e s s a r i l y  mean t h a t  t h e r e  may 
be  a n  a p p r e c i a b l e  l o s s  of accuracy  and t h e  matrix method w i l l  g i v e  good 
approximation t o  t h e  e x a c t  s o l u t i o n .  

'lho m a t r i x  methods of a n a l y s i s  of a s t r u c t u r a l  problem are  p o s s i b l e :  

(a) Displacement method o r  s t i f f n e s s  method 

( b )  Force  method o r  f l e x i b i l i t y  method 

Both methods can be  succes ' s fu l ly  employed f o r  t h e  a n a l y s i s  of complex 
s t r u c t u r e s .  I n  t h i s  r e p o r t ,  d i sp lacement  method has  been s e l e c t e d .  

MATRIX METHOD OF ANALYSIS - 
Basic 'Assumptions : 

The s t r u c t u r e  i s  i d e a l i z e d  i n t o  a set  of d i s c r e t e  e lements  connected 
t o g e t h e r  by p o i n t  a t tachments  on t h e i r  boundary. 
ments are r e f e r r e d  t o  as t h e  nodal p o i n t s .  

These p o i n t  a t t a c h -  

The d isp lacements  w i t h i n  t h e  elements  may b e  d e f i n e d  by cont inuous  
f u n c t i o n s  from which t h e  r e s u l t i n g  s t r a i n  d i s t r i b u t i o n  can  be o b t a i n e d  
i n  terms of a f i n i t e  number of  d i sp lacements  a t  t h e  nodal p o i n t s  of  
t h e  element .  These d isp lacements  are d e f i n e d  as element  d isp lacements .  

The stresses w i t h i n  t h e  e lements ,  ob ta ined  from t h e  assumed s t r a i n  
d i s t r i b u t i o n  are balanced by e q u i v a l e n t  boundary f o r c e s  cor responding  
w i t h  t h e  element  d isp lacement .  These f o r c e s  are  r e f e r r e d  t o  as element  
f o r c e s  . 
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S t r u c t u r a l  I d e a l i z a t i o n s :  

The f i r s t  problem of i d e a l i z a t i o n  of t h e  a c t u a l  s t r u c t u r e  i n t o  d i s c r e t e  
e lements  i s  t h e  c h o i c e  of s t r u c t u r a l  g r i d .  I d e a l l y ,  t h e  g r i d  l i n e s  should 
be chosen as n e a r l y  as p o s s i b l e  t o  correspond w i t h  t h e  a c t u a l  s t r u c t u r e .  
I n  t h i s  p a r t i - c u l a r  case, t h e  g r i d  s i z e  f o r  a n a l y s i s  i s  d e f i n e d  by t h e  g r i d  
s i z e  of t h e  f i b e r  mesh. 

I f  t h e  s t r u c t u r a l  e lements  of t h e  a c t u a l  s t r u c t u r e  are  connected 
t o g e t h e r  by d i s c r e t e  j o i n t s ,  t h e n  t h e  n e c e s s a r y  i n t e r a c t i o n  between i n d i v i d u a l  
e lements  may be in t roduced  as j o i n t  f o r c e s ,  o r  d i s p l a c e m e n t s ,  which would 
e n s u r e  e q u i l i b r i u m  and c o m p a t i b i l i t y  f o r  a s p e c i f i e d  l o a d i n g  c~ndrtion nn 
t h e  assembled s t r u c t u r e .  Here t h e  t r a n s i t i o n  from t h e  d i f f e r e n t i a l  e q u a t i o n s  
of continuum mechanics i n t o  a se t  of a l g e b r a i c  e q u a t i o n s  can b e  e a s i l y  seen .  
The d i f f e r e n t i a l  e q u a t i o n s  f o r  each  element can be so lved  i n i t i a l l y  i n  t e r m s  
of t h e  boundary c o n d i t i o n s  r e s u l t i n g  i n  force-d isp lacement  r e l a t i o n s h i p .  The 
s a t i s f a c t i o n  of boundary c o n d i t i o n s  l e a d s  t o  a set of a l g e b r a i c  equa' t ions 
which are  used t o  de te rmine  t h e  unknown boundary v a l u e s .  A l l  t h e s e  e q u a t i o n s  
can be  expressed  i n  a m a t r i x  form. Thus a s t r u c t u r e  made up o f  e lements  and 
connected w i t h  d i s c r e t e  a t tachments  l e n d s  i t s e l f  i d e a l l y  t o  a matrix method 
of s t r u c t u r a l  a n a l y s i s .  

. .  

Summary of Matr ix  Method of A n a l y s i s  : 

S t i f f n e s s  matrices w i l l  be  formula ted  based on t h e  or-LgLnal geometry of 
t h e  s t r x n f l l r -  \ - G U L L .  CI" -..sumin6 L'6 n r t i c u l a t e  j o i n t s  an6 a l s o  c?ssumLiig cor,ti::Yfty a long 
t h e  main l i n e  of t h r e a d s .  The a r t i c u l a t e  s t r u c t u r e  is a s t a t i c a l l y  d e t e r -  
mina te  s t r u c t u r e  w h i l e  one w i t h  cont inuous  members i s  s t a t i c a l l y  inde termina te .  
The s t i f f n e s s  matrices are  so lved  y i e l d i n g  d e f l e c t i o n s  and r o t a t i o n s ,  t h e n  
i n  c o n j u n c t i o n  w i t h  stress matrices, t h e  f o r c e s  i n  a l l  members may be ob- 
t a i n e d .  This  m a t r i x  f o r m u l a t i o n  i s  l i m i t e d  t o  small d e f l e c t i o n s .  

This  method of d i r e c t  f o r m u l a t i o n  of s t i f f n e s s  m a t r i x  i s  t h e n  extended 
t o  i n c l u d e  t h e  e f f e c t s  of l a r g e  d e f l e c t i o n s .  The method sugges ted  i n  t h i s  
r e p o r t  i s  based on t h e  n o t i o n  of superpos ing  c o r r e c t i o n s  upon t h e  g e n e r a l  
s o l u t i o n  g iven  by t h e  above l i n e a r  m a t r i x  method. 
ignored i n  t h e  l i n e a r  t h e o r y ,  have been accounted f o r  i n  l a r g e  d e f l e c t i o n  
e f f e c t s  . 

The f o l l o w i n g  two e f f e c t s ,  

(1) L i n e a r  t h e o r y  i s  developed on t h e  geometry of undeformed s t r u c t u r e  
w h i l e  l a r g e  d e f l e c t i o n  t h e o r y  does account f o r  changed geometry. 

( 2 )  Tlie e q u a t i o n s  f o r  s t r a i n  d isp lacement  i n  l a r g e  d e f l e c t i o n  t h e o r y  are 
n o n l i n e a r  as a g a i n s t  l i n e a r  e q u a t i o n s  i n  t h e  o t h e r  theory .  

4.2 STIFFNESS MATRIX ASSUMING SMALL DEFLECTION THEORY 

4 .2 .1  A r t i c u l a t e  S t r u c t u r e  

Coordina te  System: 

R a d i a l , . t a n g e n t i a l  and v ~ ~ I - ' - c a l  axes  form a r i g h t  or thogonal  t r i a d .  
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Coordina te  System 

A s  p o i n t e d  o u t  ea r l ie r ,  s t i f f n e s s  m a t r i x  is used a s  a g e n e r a l  
s o l u t i o n  t o  t h e  problem of de te rmining  t h e  d isp lacements  and f o r c e  d i s t r i -  
b u t i o n  i n  t h e  s t r u c t u r e .  A s  a n  i n t r o d u c t i o n  t o  s t i f f n e s s  m a t r i x ,  w e  w i l l  
d e a l  w i t h  f o r c e s  produced i n  s imple  s t r u c t u r e s  due  t o  v a r i o u s  d isp lacements  
o f  t h e  ends of t h e  members. 

(1) Consider  t h e  f o r c e s  i n  a member w i t h  pinned ends shown i n  f i g u r e  44a 
and having l e n g t h  L ,  c r o s s - s e c t i o n a l  area A ,  and modulus of e l a s t i c i t y  E .  
The member i s  i n  l;he RZ p i a n e  and LR and LZ are  t h e  r a d i a i  and ver t ica l  
component of t h e  ends of t h e  member. W e  w i l l  d e f i n e  t h e  r a d i a l  d i sp lacement  
of j o i n t  1 as U and ver t ica l  d isp lacement  by W . S i m i l a r l y  r a d i a l  and 
ver t ical  d isp lacements  of j o i h t  2 w i l l  be  U a n i  W2. 1 

2 

Now assume t h a t  ends (1) and ( 2 )  have been s u b j e c t e d  t o  d i s -  

1’ placements U 
c e r t a i n  r a d i a l  and ver t ica l  Zorces  are  r e q u i r e d  a t  t h e  ends (1) and ( 2 ) .  
Due t o  t h e s e  d isp lacements ,  LR changes by U -U and LZ changes by W1-W2 
(see f i g u r e 4 4 b ) .  The change i n  l e n g t h  is  g iven  by 

W1, and U 2 ,  W r e s p e c t i v e l y .  To g e t  t h e s e  rep lacements ,  

2 1’ 

Force  F i s  t h e  member, assuming t e n s i o n  t o  be  p o s i t i v e  is g i v e n  by: 

D L 0 A . E  
L F =  

The o n l y  f o r c e  t r a n s m i t t e d  by t h e  a r t i c u l a t e  member i s  t h e  f o r c e  
i n  t h e  d i r e c t i o n  of t h e  p r i n c i p a l  axis of t h e  member. Note t h a t  t h e  l a t e ra l  
d isp lacement  may be  due  t o  r i g i d  body motion of t h e  member. The R and Z 
component of  t h i s  f o r c e  are 
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( b)  Jo int Trans 1 at ion 

Member Designation 

. Figure 44 Force diagram 
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A member i n  t h r e e  dimensional space  may have a t a n g e n t i a l  com- 
ponent of l e n g t h  LT and a f o r c e  component i n  t h e  T d i r e c t i o n  a t  each end. 
L e t  V and V be  t h e  t a n g e n t i a l  d i sp lacements  a t  j o i n t s  1 and 2. Assume 
j o i n t  2 t o  be  i n  t h e  p o s i t i v e  T d i r e c t i o n  from j o i n t  1. 
of t h e  member i s  

1 2 The change i n  l e n g t h  

DL = (LR/L) (U2-U,> f (LT/L) (V,-V,) f (LZ/L) (w,-w,> 
L l  I L  

Force F i n  t h e  member i s  

The R ,  T, and Z components of t h i s  f o r c e  on j o i n t  1 are 

w h i l e  t h e  components of j o i n t  2 are 

FR2 = -F(LR/L), FT2 = -F (LT/L); FZ2 = F(LZ/L) . 
Using r = LR/L 

t = LT/L 
2 = LZ/L 

W e  can t ransform t h e  above e q u a t i o n s  i n  a m a t r i x  form. 

FR 1 

FT1 

FZ 1 

FR2 

FT2 

FZ2 

-r2 -rt r Z  r 2  r t  r Z  

-tr -t2 t Z  t r  t2 - t Z  

= %  1 Z r  Z t  -z2 - Z r  - Z t  Z 2  
L 

t r  t2  - t Z  - tr  -t2 t Z  

- Z r  - Z t  z2  Z r  Z t  -Z2 

x 

This  g i v e s  f o r c e  components a long  t h e  p r i n c i p a l  axes  of a s i n g l e  
a r t i c u l a t e  member due t o  j o i n t  d i sp lacements .  

I f  a number of members were framing a t  a j o i n t ,  s imilar  f o r c e  
components could be  o u t l i n e d  f o r  e v e r y  member. 
sum of t h e s e  i n t e r n a l  f o r c e s  and t h e  e x t e r n a l l y  a p p l i e d  f o r c e s ,  a l o n g  a l l  

To o b t a i n  e q u i l i b r i u m ,  t h e  
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p r i n c i p a l  axes  a t  a l l  j o i n t s  must equal  ze ro .  W e  have one e q u a t i o n  f o r  
each p r i n c i p a l  d i r e c t i o n  of motion a t  each  j o i n t .  The a r t i c u l a t e  s p h e r e  
h a s  t h r e e  p r i n c i p a l  d i r e c t i o n s  of motion a t  each j o i n t .  I f  t h e r e  are n 
j o i n t s ,  w e  s h a l l  have 3n unknowns and 3n equat ions .  The c o e f f i c i e n t s  of 
t h e s e  e q u a t i o n s  are t h e  e lements  of a 3n by 3n s t i f f n e s s  matrix. 

Consider  3 as a t y p i c a l  j o i n t  and w e  s h a l l  w r i t e  t h e  e q u a t i o n s  . .  ~f eqi i r l rbr ium f o r  t h i s  j o i n t  i n  t h e  a r t i c u l a t e  sphere .  The i n t e r n a l  f o r c e s  
are in t roduced  through the f o r c e s  i n  members 1-3, 2-3, 4-3, and 5-3, as 
s e e n  i n  f i g u r e  44. 

W e  s h a l l  u s e  t h e  f o l l o w i n g  n o t a t i o n  f o r  t h e  e q u a t i o n s  of equi-  
1 ibrium: 

U i  r a d i a l  d i sp lacement  of j o i n t  i 
V i  t a n g e n t i a l  d i sp lacement  of j o i n t  i 
W i  ve r t i ca l  d isp lacement  of j o i n t  i 

FBRi 
FBTi 
FBZ i 
FRRi 
FRTi 

FRZ i 
FLR i 

FLTi 

FLZi 

LRi 
LB i 

AR 
AB 

E 

r a d i a l  component of f o r c e  i n  t h e  r i b  member below j o i n t  i 
t a n g e n t i a l  component of f o r c e  i n  t h e  upper r i b  member a t  j o i n t  i 
ve r t i ca l  component of f o r c e  i n  t h e  upper r i b  member a t  j o i n t  i 
r a d i a l  component of f o r c e  i n  t h e  band member t o  t h e  r i g h t  of j o i n t  i 
t a n g e n t i a l  component of f o r c e  i n  t h e  band member t o  t h e  r i g h t  of 
j o i n t  i 
ve r t i ca l  component of f o r c e  i n  t h e  band member t o  t h e  r i g h t  of j o i n t  i 
r a d i a l  component of f o r c e  i n  t h e  band member t o  t h e  l e f t  of joinC i 
w i t h  r e s p e c t  t o  the c o o r d i n a t e s  a t  j o i n t  i 
t a n g e n t i a l  component of f o r c e  i n  t h e  band member t o  t h e  l e f t  of  
j o i n t  i w i t h  r e s p e c t  t o  t h e  c o o r d i n a t e s  a t  j o i n t  i 
ve r t i ca l  component of f o r c e  i n  t h e  band member t o  t h e  l e f t  of 
j o i n t  i w i t h  r e s p e c t  t o  t h e  c o o r d i n a t e s  a t  j o i n t  i 
l e n g t h  of r i b  below j o i n t  i 
l e n g t h  of band t o  t h e  l e f t  of  j o i n t  i 
area of r i b  members 
area of band members 
modulus of e l a s t i c i t y  of t h e  material 

A l l  o r i g i n a l  components of a l l  members w i l l  b e  c o n s i d e r e d  p o s i t i v e .  
The t a n g e n t i a l  components of t h e  r i b  i w i l l  be cons idered  p o s i t i v e  i f  j o i n t  
i + 1 is  i n  t h e  p o s i t i v e  T d i r e c t i o n  from j o i n t  i. 

R a d i a l  e q u i l i b r i u m  r e q u i r e s  t h a t  t h e  sum of i n t e r n a l  and e x t e r n a l  
f o r c e s  i n  r a d i a l  d i r e c t i o n  be  z e r o .  
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ARoES [FBR3 ( U 4 - U 3 )  + FBT3 (V4-V3) + FRZ3 ( W 3 - W 4 ) ]  + FBR3 * 
(LR3) 

- FLR3 ___ [FLR3 U 3  + FLT3 * V3 - FLZ3 (311 
(LB3 

+ e x t e r n a l  f o r c e  i n  t h e  r n d i a l  d i r c c t i o n  = C. 

Equat ions f o r  t a n g e n t i a l  and ver t ica l  e q u i l i b r i u m  can b e  w r i t t e n  
i n  a s imi la r  manner. The c o e f f i c i e n t s  of  t h e s e  e q u a t i o n s  are t h e  elements  of 
t h e  st tffi iess iiiairix Lor ail a r i i c u i a t e  s t r u c t u r e .  Tie s o l u t i o n  of s t i f f n e s s  
matrix g i v e s  d e f l e c t i o n s  of t h e  j o i n t s  and f i n a l l y  t h e  member f o r c e s  can be 
computed . 

4.2 .2  Continuous S t r u c t u r e  

We s h a l l  now c o n s i d e r  t h e  f o r c e s  produced when ends  of a beam 
w i t h  bending r e s i s t a n c e  are  s u b j e c t e d  t o  v a r i o u s  d isp lacements  and r o t a t i o n s .  

F o r c e s  cons idered  t o  be d i s t r i b u t e d  by t h e  member are  t h e  f o r c e s  
i n  t h e  d i r e c t i o n  of t h e  p r i n c i p a l  a x i s  of t h e  member and f o r c e s  normal t o  it. 
A s  t h e  f o r c e  t r a n s m i t t e d  i n  t h e  d i r e c t i o n  of t h e  p r i n c i p a l  a x i s  of t h e  member 
is  t h e  same as t h a t  f o r  a n  a r t i c u l a t e  member, w e  shall c o n s i d e r  o n l y  t h e  f o r c e s  
t r a n s m i t t e d  normal t o  t h e  p r i n c i p a l  a x i s  of member. These f o r c e s  and t h e  
forces  t r a n s m i t t e d  by an a r t i c u l a t e  m e m b e r  can t h e n  be  superposed. 

Consider  a member as shown i n  f i g u r e  w i t h  l e n g t h  L ,  c r o s s - s e c t i o n a l  
area A ,  moment of i n e r t i a  I and modulus of e l a s t i c i t y  E. T h i s  member i s  
o r i e n t e d  i n  RZ p l a n e  such t h a t  LR, t h e  r a d i a l  component of t h e  l e n g t h  of t h e  
member p r e v i o u s  t o  r o t a t i o n  and d isp lacements  of t h e  ends of t h e  member i s  
equal  t o  L and LZ, t h e  ver t ica l  component i s  ze ro .  

We s h a l l  d e f i n e  t h e  Z component o f  d e f l e c t i o n s  a t  p o i n t s  1 and 2 
as  W 1  and W2 r e s p e c t i v e l y .  The c lockwise  r o t a t i o n s  w i l l  b e  d e s i g n a t e d  81 
and 82 r e s p e c t i v e l y .  L e t  FZ1 and FZ2 be t h e  Z component of t h e  f o r c e  a t  
j o i n t s  1 and 2 r e s p e c t i v e l y  and l e t  M and M b e  t h e  c lockwise  moments a t  
t h e s e  node p o i n t s .  Using t h e s e  n o t a t i o n s ,  w e  f i n d  1 2 

M2 e2 M1 J 

I-) FZ2 = [12(W2-W1) + 6L(81 + 62), I ($2 --I 7, 

FZ1 = F [12(W2-W1) - 6L(8l  + 62)]  ,’ 

---I 
L J.4 l___l_____.-_-_-__ __-- I 

3 
E 1  

L 2  Continuous Member 
M 1  = - [ 6(W2-W1) - 2L(82 + 20l ) ]  

M2 = [ 6(W2-W1) - 2L (81 + 282)] 
L2 
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Using t h e  f o l l o w i n g  n o t a t i o n  

e i x  

e2x  

e i y  

e 2 ~  

M l X  

M2X 

M1Y 

M2Y 

I X  

I Y  
E 

X 

Y 

K 

r 

t 

z 

r o t a t i o n  i n  RZ p l a n e  of t h e  end 1 of t h e  member 

I t  1 1  I ,  1 1  1 1  I t  I 1  2 1 1  1 1  I 1  

r o t a t i o n  normal t o  t h e  p l a n e  R Z  of  end 1 of member 

I t  1 1  I ,  11  I 1  I t  I 1  1 1  2 1 1  I t  

bending moment on t h e  member i n  RZ p l a n e ,  a t  end 1 

2 I 1  1 1  I 1  1 1  1 1  I I  I 1  I 1  I t  I1  

I ,  1 1  1 1  I I  '' normal t o  RZ p l a n e ,  a t  end 1 

1 1  I I  1 1  1s I I  I 1  I t  I 1  I1  . I 1  1 1  2 

moment of i n e r t i a ,  i n  RZ p l a n e ,  of t h e  r i b  member 

' I  normal t o  RZ p l a n e ,  of t h e  r i b  member I I  I I  

EIX/L3 

E I Y / L ~  

A E / L  

LR/L 

LT/L 

LZ/L 

I n  matrix form, f o r c e s  4 moments on j o i n t s  1 and 2 of a cont inuous  
member are 
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W e  have t h u s  found t h e  moments and f o r c e  components a long  t h e  

I f  a number of members w e r e  f raming t o g e t h e r  a t  a j o i n t ,  
p r i n c i p a l  axes  of a s i n g l e  cont inuous member due  t o  j o i n t  r o t a t i o n s  and 
d isp lacements .  
s imi l a r  f o r c e  components could be  o b t a i n e d  f o r  each  member. To s a t i s f y  
e q u i l i b r i u m ,  t h e  sum of i n t e r n a l  and e x t e r n a l  f o r c e s ,  as w e l l  as moments, 
must equal  ze ro .  
of t r a n s l a t i o n  and r o t a t i o n  a t  a cont inuous  j o i n t .  The c o e f f i c i e n t s  of  t h e s e  
e q u a t i o n s  are t h e  elements  of t h e  s t i f f n e s s  m a t r i x .  The s o l u t i o n  of t h e  
s t i f f n e s s  matrix y i e l d s  d isp lacements  and r o t a t i o n s  of t h e  ends of a l l  members 
i n  t h e  s t r u c t u r e .  The f o r c e s  and moments t o  which t h e s e  members are  s u b j e c t e d  
t h e n  be  c a l c u l a t e d .  

W e  t h u s  have one e q u i l i b r i u m  e q u a t i o n  f o r  each d i r e c t i o n  

4.3 EFFECT OF LARGE DEFLECTIONS -- 

The approach t o  l a r g e  d e f l e c t i o n  problem is  t o  superimpose c o r r e c t i v e  
terms i n t o  small d e f l e c t i o n  e q u a t i o n s  t o  e l i m i n a t e  t h e  e r r o r s  r e s u l t i n g  from 
t h e  s m a l l  d e f l e c t i o n  assumptions.  The c o r r e c t i v e  terms i n c l u d e  e f f e ' c t s  of 
deformed geometry of t h e  s t r u c t u r e  and n o n l i n e a r  load  deformat ion  r e l a t i o n -  
s h i p .  

L e t  u s  a.gain c o n s i d e r  t h e  c a s e  of a member w i t h  a r t i c u l a t e  j o i n t s ,  
shown i n  f i g u r e  45 below. 

Forces  on a Member w i t h  A r t i c u l a t e  J o i n t s  -- - - -- -- 
F B',,F 

P?, '-1 - 

Forces  on a Member w i t h  A r t i c u l a t e  J o i n t s  -- - - -- -- y,Y !if '-1 I - 

/' -1- 1 
4 .  4 1. 

.L 

L e t  AB and A ' B '  r e p r e s e n t  t h e  p o s i t i o n s  of t h e  member b e f o r e  and a f t e r  
deformation,  The member i s  i n  t h e  s t a t e  of e q u i l i b r i u m  under t h e  a c t i o n  o f :  

(1) member force F 
( 2 )  l i n e a r  f o r c e  F 

( 3 )  c o r r e c t i v e  f o r c e  cpn 
1 

I f  t h e  deformation of member was n e g l e c t e d ,  t h e  l i n e a r  f o r c e  F would 1 have been t h e  m e m b e r  f o r c e .  Thus t h e  f o r c e  cpn may be  thought  of as t h e  cor-  
r e c t i o n  t o  t h e  l i n e a r  f o r c e  F c o r r e c t i o n  being cons idered  f o r  t h e  e f f e c t  of 
d e f l e c t i o n .  T h i s  f o r c e  may be  expressed  as: 1' 

Thus t h e  c o r r e c t i v e  f o r c e  cpn i s  a l i n e a r  i n  F and may b e  expressed  as 

cpn = BF 
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t 
where cpn i s  a m a t r i x  of c o r r e c t i v e  f o r c e s ,  B i s  a l i n e a r  t r ans fo rm and F 
i s  a m a t r i x  of member f o r c e s .  

The equa t ion  f o r  member deformat ion  must a l s o  be r e v i s e d  t o  account  f o r  
l a r g e  d e f l e c t i o n s .  

-7 
-*le, !-5- L+6L ,/ 2' ,: "1 f Orig i -na i  and Lktormed 

P o s i t i o n  of Member 1 A2 AJL;, - -  - i- - ,  , 

~ > L  6-*J-.@ I_._x - - - ~ -  -- --- 
A J -  

A B 

F i g u r e  46 

F igu re46shows  t h e  o r i g i n a l  p o s i t i o n  AB and deformed p o s i t i o n  B ' B '  of t h e  
a r t i c u l a t e  member. The p rev ious  t h e o r y  w a s  developed i n  terms of the d e f o r -  
mation of t h e  bar  6L and t h e  o r i g i n a l  geometry of t h e  s t r u c t u r e .  I n  t h i s  
case, t h e  change i n  l e n g t h  may be g i v e n  by 

L 
2 

(L  + 6 ~ )  COS e - LLZ 6~ - - e 2  

Thus t h e  e f f e c t  of r o t a t i o n  of a b a r  can be approximate ly  d e s c r i b e d  by adding  
t h e  c o r r e c t i v e  deformat ion  

L 
2 en  = - e2 

t o  t h e  l i n e a r  equa t ions  of member deformat ion  d e r i v e d  p r e v i o u s l y .  

For a l i n e a r  s t r u c t u r e ,  t h e  i n t e r n a l  f o r c e s  and d e f l e c t i o n s  due  t o  
a p p l i e d  l o a d i n g  can be  d e s c r i b e d  i n  terms of i n f l u e n c e  c o e f f i c i e n t s  by t h e  
matrix e q u a t i o n s  

FL = Fq * cp + Fe * e 

AL = Acp * cp + Ae * e  

FL = m a t r i x  of 

AL = matrix of 

Fcp = i n f l u e n c e  
values of 

Fe = i n f l u e n c e  
va lues  of 

Acp = i n f l u e n c e  
v a l u e s  of 

fit: = i n f l u e n c e  
va lues  of 

l i n e a r  i n t e r n a l  f o r c e s  due  t o  a p p l i e d  loading  

d e f l e c t i o n s  due  t o  a p p l i e d  load ing  

m a t r i x  of element f o r c e s  r e s u l t i n g  from u n i t  
e x t e r n a l  load  

m a t r i x  of element f o r c e s  r e s u l t i n g  from u n i t  
element deformat ions  

matrix of d e f l e c t i o n s  r e s u l t i n g  from u n i t  
a p p l i e d  loads  

matrix of d e f l e c t i o n s  r e s u l t i n g  from u n i t  
element deformat ions  

I - 2 %  



cp = m a t r i x  of e s t .  loads  

e = matrix of element deformat ions  

I n f l u e n c e  matrices Fcp, Fe, Acp, A e  can be computed by l i n e a r  d i sp lacement  
methods and cp and e are known m a t r i c e s .  

Now t h e  c o r r e c t i v e  f o r c e s  are of t h e  same p h y s i c a l  form a s  cp and t h e  
c o r r e c t i v e  member deformat ions  are of t h e  same p h y s i c a l  form as e. S i n c e  
cpn and en  are c o r r e c t i o n s  t o  t h e  l i n e a r  s o l u t i o n s  f o r  l a r g e  d e f l e c t i o n s ,  
t h e  f o r c e s  and d e f l e c t i o n s  f o r  g e o m e t r i c a l l y  n o n l i n e a r  s t r u c t u r e s  are:* 

F = Fcp (cp + cpn) + F e ( e  + en)  . (1) 

where cpn = matrix of c o r r e c t i v e  e x t e r n a l  l o a d s  

en = matrix of c o r r e c t i v e  e lement  deformat ions  

cpn and en are f u n c t i o n s  of d e f l e c t i o n s  

accoun t ing  f o r  large d e f l e c t i o n  1 F = matrix of el-ement f o r c e s  

A = m a t r i x  of d e f l e c t i o n s  

Because of t h e  dependence of cpn and en on A ,  t h e  e q u a t i o n s  (1) and ( 2 )  
are n o n l i n e a r  and must be so lved  by r e p e t i t i v e  means. To reduce  t h e  com- 
p u t a t i o n a l  work, t h e  fo l lowing  s i m p l i f i c a t i o n  may be used: 

The c o r r e c t i v e  l o a d s  are l i n e a r  f u n c t i o n s  of t h e  element f o r c e s ,  t h e r e -  
f o r e  

cpn = BF ( 3 )  

where B i s  a matrix of c o r r e c t i v e  loads  r e s u l t i n g  from u n i t  values of e l e m e n t  
f o r c e s ,  and from d e f l e c t i o n s .  E l imina te  cpn and F from equa t ions  (1) and (2) 

F = [I - F e B]-' [Fcp * cp + Fe(e  + e n ) ]  
cp 

t h e r e f o r e  from e q u a t i o n  ( 3 )  

r 
cpn = B 11 - Fcp 0 B] [Fcp e cp + Fe(e  + en)] 

El imina te  cpn from (2) and (5 )  

(4) 

( 5 )  

( 6 )  I A = Acp*cp + Acp-B [I-FcpeB] -'[Fcp*cp + Fe(e  + e n >  + Ae(e + en)  

*Matrix l iethods of S t r u c t u r a l  A n a l y s i s ,  e d i t e d  by F. d e  Veubeke, The Macmillan 
_I_- - -  
Compmy, B e w  fork,  ,1964. 
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a 
-1 Expand t h e  matric (I-Fcp 0 B )  

A = ~ c p  0 cp + Acp 0 B [I + Fq B + (Fcp 0 + ---I* [Fcp 0 + Fe(e+en)] 

+ Ae(e + e n >  ( 7 )  

where cpncp i s  a matrix of c o r r e c t i v e  l o a d s  r e s u l t i n g  from t h e  l i n e a r  element 
f o r c e s  r e s u l t i n g  from u n i t  e x t e r n a l  l o a d s  and cpne i s  a matrix of f i c t i t i o u s  
l o a d s  r e s u l t i n g  from t h e  l i n e a r  element f o r c e s  r e s u l t i n g  from u n i t  e lement  
deformations.  A s  an approximation,  n e g l e c t  a l l  powers of cpncp h i g h e r  t h a n  
t h e  f i r s t  and a l l  terms i n v o l v i n g  products  of t h e  form cpncp * cpne. . n 

A = A c p ( 1  + cpncp)cp + (Ae + Acp 0 cpne)(e + e n )  ( 8 )  

The m a t r i c e s  cpncp 0 (3 and cpne 0 e i n v o l v e  t h e  d e f l e c t i o n s  A.  A s  an approxi-  
mat ion,  assume t h a t  cpncp = cp and cpne 0 e are l i n e a r  f u n c t i o n s  of  A ,  such 
t h a t  

s u b s t i t u t i n g  t h e s e  i n  ( 8 )  and r e a r r a n g i n g  

[I - Acp(cpncpA + cpneA)] A = (Acpcp + Aee) + (Ae + Acpcpne)en (9 )  

where cpncpA and cpneA are  matrices of i n f l u e n c e  c o e f f i c i e n t s  f o r  t h e  c o r r e c t i v e  
f o r c e s  due t o  t h e  combined e f f e c t  of  t h e  u n i t  d e f l e c t i o n s  and t h e  l i n e a r  
i n t e r n a l  f o r c e s  due t o  a p p l i e d  load  and member deformation (may be  due t o  
tempera ture ,  e t c . ) .  The homogeneous form of t h e  equat ion  

I -[Acp(cpncpA + cpneA)]A = 0 

is  t h e  l i n e a r i z e d  s t a b i l i t y  c r i t e r i a  f o r  buckl ing  due t o  mechanical l o a d i n g .  
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APPENDIX I1 

Deployment Machine 

Figi i re  4 7  shows t h e  deployment machine and c a n i s t e r  assembly used 
f o r  t h e  tes ts  a t  Goddard. 
t o  a s s u r e  r e l i a b i l i t y .  V e l o c i t y  w a s  imparted by s p r i n g s  spaced around 
t h e  p lunger .  
Th i s  l i n e  had a s q u i b - f i r e d  l i n e  c u t t e r  t r i g g e r e d  by a 2 t o  6 v o l t  charge .  
T h i s  zeans  of t r i g g e r i n g  was f e l t  t o  be as foolproof  as possible- 
s p r i n g  ra te  f o r  each s p r i n g  w a s  30 l b s / f t .  Knowing t h e  i n i t i a l  v e l o c i t y  
r e q u i r e d  t o  send t h e  sphe re  30 t o  35 f e e t  h igh ,  t h e  t o t a l  s p r i n g  ratc 
needed could be  de te rmined .  S ince  t h e  i n i t i a l  v e l o c i t y  r e q u i r e d  w a s  
51 f t / s e c ,  12  s p r i n g s  w e r e  r e q u i r e d .  

The machine w a s  des igned  as s imply as  p o s s i b l e  

The p lunger  w a s  cocked and t i e d  w i t h  1000-lb t es t  nylon l i n e .  

The 

The c a n i s t e r  assembly w a s  a s p l i t  c y l i n d e r  w i th  a l o o s e  bottom. 
The t h r e e  components of t h i s  c a n i s t e r  were a t t a c h e d  t o  t h e  c a t a p u l t  
p lunger  so t h a t  t h e  bottom was p u l l e d  ou t  f i r s t  a l l owing  t h e  c a n i s t e r  
ha lves  t o  be pushed open by t h e  s e l f - e r e c t i n g  mater ia l .  



Figure 47 Development Machine and Canister Assembly .I - .  
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APPENDIX I11 

I t e m s  Shipped - ___- 

The fo l lowing  l i s t  c o n t a i n s  t h e  sh ipp ing  d a t e ,  d e s c r i p t i o n  of i t e m s ,  
q u a n t i t y  and/or u n i t  i d e n t i f  i c a t i o n  numbers of de l  i v e r a b l e  i t e m s  niade under  

ments and pane l s .  A l l  pane l s  were 4 by 6 f e e t .  
t h e  csnt r2c t .  PigLEes 1!n 2RZ 1!9 C h Z K  t h e  C E f i g u r a t i = n s  of s3112rical 1 " '-6 

SHIPPING 
DATE 

DESCRIPTIONS OF QUANTITY AND/OR 
ITEMS UNIT IDENTIFICATION NUMBER 

8/16/65 7-1/2 i n  by 12 ir! c y l i n d e r  
Po lye thy lene  b l adde r  
Panel  - w i t h  seals  
Panel  - without  seals  

12/10/65 

1 /25/66 

2/18/66 

6/1/66 

6/30/66 

Made from 1 2 9  material 

1 u n i t  
1 u n i t  
1 u n i t  
1 u n i t  

105-76-1 and 
105-76-2 

30-inch sphe re  (18 g o r e s )  made 105-84- 1 
from 1 2 9  material  

Sphe r i ca l  segment made from 
330  m a t e r i a l .  Type A sec?l. 

S p h e r i c a l  segment made f rom 
130 material .  Type A seal. 

105-85-1 

105-85-2 

Type A panel  made from 131 105-118-1 
material .  

Type B panel  made from 131 105-118-2 
material .  

Type A pane l  made from 1-8601 105-123-11 
scrim having  been s i z e d  w i t h  a 
10 p e r  c e n t  s o l u t i o n  of poly- 

w a s  a l so  coa ted  w i t h  25 microinches 
of vacuum d e p o s i t e d  aluminum. 

. v i n y l  a l c o h o l .  The material  

Type A pane1 made from 1-8601 
scrim having  been s i z e d  w i t h  a 
6 p e r  c e n t  s o l u t i o n  of polyvir iyl  
a l coho l .  The material  w a s  a l so  
coa ted  w i t h  25 micro inches  of 
vacuutti d e p o s i t e d  aluminum. 

105-123-12 

111-1 
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SHIPPING 
DATE 

9/2 9/6 6 

12/2 7 /66 

1 /23/67 

DESCRIPTION O F  
ITEMS 

Type A panel  made 
material. 
R e s i s t a n c e  s i d e  1 
R e s i s t a n c e  s i d e  2 
R e s i s t a n c e  a c r o s s  

Type A pane l  a a d e  
m a t e r i a l .  
R e s i s t a n c e  s i d e  1 
R e s i s t a n c e  s i d e  2 
R e s i s t a n c e  a c r o s s  

from 133 

- 7 . 2  Q/D 
- 4.4 52/n 
seal  - 4.9  D 

from 132 

- 7.0  Q/Q 
- 2.9 51/3 
seai - 31.3 9 

QUANTITY AND/OR 
UNIT IDENTIFICATlON NUMBER 

One 30-inch d iameter  s p h e r e  made 
from 136 material .  The s p h e r e  w a s  
s e a l e d  as shown, f i g u r e  36. I t  
w a s  used f o r  deployment tests a t  
Goddard Space F l i g h t  C e n t e r .  

One 30-inch d iameter  s p h e r e  made 
from 1 3 7  material .  The s p h e r e  w a s  
s e a l e d  as shown, f i g u r e  36. I t  w a s  
used f o r  deployment tes ts  a t  
Goddard Space F l i g h t  C e n t e r .  

One s p h e r i c a l  segment made from 
139 material. The segment w a s  
f a b r i c a t e d  as shown i n  f i g u r e  48. 
Type B seals were used. 
Average g o r e  r e s i s t a n c e  - 8 . 4  52/3 
R e s i s t a n c e  a c r o s s  seals - 2000 9 

One s p h e r i c a l  segment made from 
139, 141, and 143 material. 
Type A seals .  
Average g o r e  r e s i s t a n c e  - 2.0 Q/a 
R e s i s t a n c e  a c r o s s  seals - 5.00-1000Q 

One s p h e r i c a l  segment made from 
140 material .  Type A s e a l s .  

Type A panel  made from 137 material 
w i t h  over lapping  j o i n t  

Type A panel  made from 134 material  
w i t h  b u t t  j o i n t .  

Type B panel  made from 139 material  
w i t h  o v e r l a p p i n g  j o i n t s .  

105-135-1 

105 - 135-2 

1 u n i t  

1 u n i t  

341-6-1 

341-6-2 

341-6-3 

341- 7 - 1 

341-7-2 

341-7-3 

111-2 



S H I P P I N G  DESCRIPTION OF 
DATE ITEMS 

1/24/67 Panel  made from 140 material. 
This  pane l  had f o u r  s e c t i o n s  
w i t h  over lapping  j o i n t s  and 
b i - t a p e  seals. 

m_- L y p e  A pallei turide rr-on1 142 
material w i t h  b u t t  j o i n t .  

Type A pane l  made from 142 
material wi th  o v e r l a p p i n g  
j o i n t s .  

Type B panel  made from 142 
material w i t h  b u t t  j o i n t s .  

Type B pane l  made from 142 
materia 1 had over  1 app i n g  
j o i n t s .  

Type A panel  made from 144 
material w i t h  b u t t  j o i n t .  

QUANTITY AND/OR 
U N I T  IDENTIFICATION NUMBER 

341-7-4 

341-7-7 

341-7-8 

341-7-9 

111-3 
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APPENDIX I V  

Specifications 

1. O PROCESSING SELF-ERECTING MATERIAL 

2 . 0  TESTING S E L F - R E C T I N G  M A T R I A L  

Page. 

I V - 2  

I V - 8  

IV-  1 



PROCE S S I N G  SELF -ERECTING HATE RIAL 

Approved By: 

Released By: 

1 . 0  

2.0 

3 . 0  

SCOPE 

T h i s  s p e c i f i c a t i o n  i s  a p p l i c a b l e  t o  t h e  pretrcatmei  
b i n d i n g ,  and/or  e l e c t r o l e s s  copper p l a t i n g  of 
s e l f - e r e c t i n g  material .  made t o  deploy w i t h o u t  
a n  i n f  l a t a n t  o r  a d d i t i o n a l  hardware.  

PURPOSE 

The purpose of t h i s  s p e c i f i c a t i o n  i s  t o  d e s c r i b e  
t h e  equipment and procedures  f o r  p r e t r e a t m e n t ,  
b i n d i n g ,  and/or  e l e c t r o l e s s  copper p l a t i n g  
s e l f - e r e c t i n g  m a t e r i a l .  

MATERIALS 

3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

3 .7  

3.8 

P a i n t  r o l l e r s  (54  inch)  

GT-201 adhes ive  (12% s o l i d s )  

duPont r ed  dye (C003500) 

Deionizcd w a t e r  

E n p l a t e  Cu-400-A (Enthonc) 

E n p l a t e  Cu-400-B (Enthone) 

En p 1 a t  e sen s i t i z e r 1\4 3 2 (En t hone ) 

E n p 1 a t e a c t i v a  t o r  1\44 0 (E n t h o  ne ) 



L;. 9 En,gTp?E>?T 

4 .  1 Cvniinuvus copper  p l a i i r i g  machilie having 
t a n k s  and r o l l e r s  as shown on a t t a c h e d  
diagram. 

4-.2 pH meter 

5 .O PP3ZTREATMENT AND/OR B I N D I N G  

5.1 S e c t i o n  B of t h e  p l a t i n g  machine w i l l  b e  used 
( r e f .  a t t a c h e d  diagram) . 

5.2, Neb t h e  machine as shown u s i n g  t h e  second 
u1E;inCi. I n s t a ? l  new c o a t i n g  r o I ? s  (3.1) to 
run  i n  tank  10. Check to b e  s u r e  t h a t  t h e  naE 
of t h e  p a i n t  r o l l e r  c o v e r s  w i l l  lay doh711 as i t  
comes i n t o  c o n t a c t  w i t h  t h e  web. Having 
t h e  r o l l s  i n  t h e  wrong way w i l l  r e s u l t  i n  t h e  

t h e  machine s t r a i g h t .  
. web s h i f t i n g  t o  one side. and n o t  going througl  

5.3 Move c o a t i n g  tank  (10) i n t o  p o s i t i o n  and f i l l  
w i t h  t h e  m a t e r i a l  t o  b e  a p p l i e d .  The level  i i  

t h e  t a n k  w i l l  b e  maintained by p e r i o d i c  
a d d i t i o n s .  

5.4 Turn on exhaus t  f a n  and s t a r t  machine. The 
machine.may be  opera ted  a t  6 in/mi.n, 1 f t / m i n  
1.3 f t / m i n ,  o r  6 f t / m i n  as  d e s i r e d .  

5.5 Turn on t h e  2 banks of h e a t  l amps .  

. .  



5.6 A f t e r  p r o c e s s i n g  the desired amount of 
material  s t o p  t h e  machine a f t e r  t h e  end of thl 
web h a s  come through t h e  c o a t i n g  r o l l s .  A l l 0 1  

t h e  web t o  d r y  f o r  5 minutes  i n  d r y i n g  tower 
number 2 b e f o r e  rewinding. Cover t h e  c o a t i n g  
r o l l s  w i t h  polye thylene  so  t h a t  t h e  material 
w i l l  no t  fall on them. 

5 & 7  Turn the  h e a t  lamps oEf and complete t h e  
rewinding of  t h e  mater ia l .  mien c o a t i n g  
GT-201 (3.21, po lye thylene  must b e  wound i n t o  
t h e  ro21. t o  prevent  blocking.  The r o l l  shoul  
be  wound as  l o o s e  as p o s s i b l e  t o  f a c i l i t a t e  
t h e  c u r i n g  of the GT-201 coat-ing. 

5 ,8  Upon complet ion oE the run, remove t h e  c o a t i n g  
r o l l  covcrs  and c l e a n  tank  10. 

5.9 For  m a E e r i a l  coa ted  w i t h  GT-201: Place r o l l  
i n  c u r e  room f o r  96 hours .  

6.0 ELECTROLESS COPPER PLATING 

6 .1  S e c t i o n  A of  t h e  p l a t i n g  machine w i l l  b e  used 
( r e f .  a t t a c h e d  diagram). 

6.2 General  o p e r a t i n g  c o n d i t i o n s  are as f o l l o w s :  

6.2.1 Web speed: 1 f t / m i n  (G in/mj_n o p t i o n a  

6.2.2 A i r  a g i t a t i o n :  14 p s i  gauge 

6.2.3 Residence t i m e s :  

Sen s i t i z e r  so l u  t i  on 1 . 7  min 

A c t i v a t o r  s o l u t i o n  1 . 7  min 

P l a t i n g  s o l u t i o n  10 inin 

D r y i ng t o w  r 10 min 

6.2.4 Process  c o n c r o l  tcmpera tures :  



Sens i . t i ze r  ani! a c + i v a t Q r  18 t o  22 C 

20 t o  22 c 

Rinse tanks 40 t o  50 C 

Drying tower 18 t o  22 C 

6.3  Normal web speed i s  1 f t / m i n .  The o p t i o n a l  
speed (G in/min) m a y  b e  used.  When o p e r a t i n g  
a t  the slower speed use  1 / 2  t h e  n o r m a l  amount 

6 . 4  Web t h e  machine as shown on f:hc a t t a c h e d  
diagram. %dn t h c  m b  f r m  drying fowcr 1 
d i r e c t l y  t o  t h e  rewind s t a t i o n .  

6.5 F i l l  t h e  t a n k s  as fo l lows:  

1 - S e n s i t i z e r  ( 3 - 7 )  - 8 i n  de ionized  water 

6 q t  s e n s i t i z e r  (3.7) 

2 - Rinse - deionized  w a t e r  

3 - A c t i v a t o r  ( 3 . 8 )  - 8 i n  de ionized  water 

6 q t  a c t i v a t o r  (3.8) 

4 & 5 - Rinse - d e i o n i z e d  water 

6 & 7 - P l a t i n g  - 15 3 / 4  i n  de ionized  water 

3 1 / 2  i n  Cu-400-A (3.5) 

8 3 / 4  i n  Cu-400-B (3 .6 )  

8 -% Rinse - d e i o n i z e d  w a t e r  

4 -.- Of ...------.- 
. ------ 

Sens i . t i ze r  ani! a c + i v a t Q r  18 t o  22 C 

Pla t i r ig  20 t o  22 c 

Rinse tanks 40 t o  50 C 

Drying tower 18 t o  22 C 

6.3  Normal web speed i s  1 f t / m i n .  The o p t i o n a l  
speed (G in/min) m a y  b e  used.  When o p e r a t i n g  
a t  the slower speed use  1 / 2  t h e  n o r m a l  amount 
o f  s e n s i t i z e r ,  a c t i v a t o r ,  and p l a t i n g  sol 

6 . 4  Web t h e  machine as shown on f:hc a t t a c h e d  
diagram. %dn t h c  :;cb f r m  drying fowcr 1 
d i r e c t l y  t o  t h e  rewind s t a t i o n .  

6.5 F i l l  t h e  t a n k s  as fo l lows:  

1 - S e n s i t i z e r  ( 3 - 7 )  - 8 i n  de ionized  water 

6 q t  s e n s i t i z e r  (3.7) 

2 - Rinse - deionized  w a t e r  

3 - A c t i v a t o r  ( 3 . 8 )  - 8 i n  de ionized  water 

6 q t  a c t i v a t o r  (3.8) 

4 & 5 - Rinse - d e i o n i z e d  water 

6 & 7 - P l a t i n g  - 15 3 / 4  i n  de ionized  water 

3 1 / 2  i n  Cu-400-A (3.5) 

8 3 / 4  i n  Cu-400-B (3 .6 )  

8 -% Rinse - d e i o n i z e d  w a t e r  

GrLi FORFA 3003 REV. n IV-5 



The s e n s i t i z e r  and a c t i v a t o r  are  mixed w i t h  
1 p a r t  s e n s i t i z e r  o r  a c t i v a t o r  per 1.S p a r t s  
de ionized  w a t e r .  The p l a t i n g  s o l u t i o n  i s  
mixed w i t h  2 p a r t s  Cu-400-A and S p a r t s  
Cu-400-B p e r  9 p a r t s  de ionized  water .  

6.6 

6.7 

6 .8  

S t a r t  t h e  machine and process  t h e  d e s i r e d  
amount of m a t e r i a l .  Check and record  t h e  
pH (4 . .2 )  and t h e  temperature  of t h e  p l a t i n g  
tank  o r  t a n k s  every  hour d u r i n g  t h e  run.  
A l l  i n - p r o c e s s  informat ion  w i l l  be recorded 
on t h e  a t t a c h e d  d a t a  s h e e t .  

I f  i t  i s  necessary  t o  s p l i c e  t h e  \,el> use  
a b i - t a p e  s p l i c e  of DO00800 t ape .  Reinforce  
the  s p l i c e  w i t h  s t a p l e s .  

Upon completion of t h e  r u n ,  remove t h e  
completed m a t e r i a l  from t h e  rewind and s e a l  
i n  a Scotchpak (M001200) bag w i t h  a d e s i c a n t .  



Metal D e p o s i t i o n  

Chemical 

Amount Proce s s e d  f t  Date 

I- 

YPC E l e c t r o l e s s  P l a t i n g  (Use " P l a t i n g  Log" Below) 

ernarlts - 

Feet: 

. . ~  Vapor Depos i t ion  (Use "Remarks") 

Other  (Use "Remarks ") 
I____. 

P l a t i n g  L 

Time 

--- 

(Record Time 
& A m t  . ) 

Type of Metal 

Thickne s s Angstroms 

No. of S h o t s  

T a n k 1  
/ j  2 

Machine Speed f p n  

Temperature 
_II. 

A c t i v a t o r  -- 

er Tanlcs 
S t a r t  
End 

- 
Cu4OOA 

Re s i  s t i v i  t y  

-- 
Kat - 

Remarks 

I\'- 7 
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1.0 s_copE 

This specification is a p p l i c a b l e  to rhe testing end 
svaluation of s e l f - e r e c t i n g  material made t o  deploy without  
an inf lataiit or additional hardware. 

2.0 PURPOSE 

The purpose of this specif icat ion is to descr ibe  t h e  
apparatus and procedures  for performtnz the following t e s t s  

1, Resistgvity wasureeent 
2 .  
3. Bend r a d i u s  tensile 
4 .  R i g i d i t y  
5. Folded r i g i d l t y  

Ultimate t e a s i l e  (>ID, TD, 45') 

3.0 MATERXALS 

The sample shall be properly i d e n t i f i e d  with  the  roll 
number and ER arrow i n d h a t i n g  machine d i r e c t i o n .  

4.0 APPARATUS 

4.1 Ohm meter 

4.2 Test j i g  for resistivity measurement (ST-21-1) 

4 . 3  Instron t e s t e r  with CT load c e l l  and chart  record  

4.4 Five ( 5 )  pound weight accurate w i t h i n  2.0 gram 

4.5 

4.6  Bend radius t e s t  f i x t u r e  

Rigidity t e s t  fixture per ASTM-D-1388 

II 

EV 
-___u. 

CHANGED 
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Rev1 slon 

6 - 2 8 - 6 6  

--- 

5 * @  

The res i s t iv i ty  aeasuramnt shall. ba made an A 1" x 8" 
sample with brass bus bars contacting one square Inch of arc 
OIL each end of the s a p l e .  "his leaves a 1" x 6" t e s t  area, 

5.1 
(ST-21-1) and zero ohm meter, 

Connect the ohm mater t o  the resletivity jig 

efass B u s  ab%< 

LSAO TO 
o M W \  MSTEK 

L 
5.2 * C U ~  sample o f  raaterial (1'' x W )  and place in 
resistivity j i g  ( j i g  has spring Loaded claaps which 
exert constant pressure 04 the specimen) as s h o w  i n  
sksteh above. 

5.3 
hmve specimen E K O ~  resist ivity j ig .  

5.4 
data sheet. 
resistance in ohns divided by 6 .  

Take reading on o b  meter and record on data sheet 

Calculate obms per square as follows and record on 
Ohms per aquare is calculated from the 

One inch v i d e  samples shall be tested having the th read  
m m i n ~  in either the sachine direction, transverse direcrio 
or a t  a 45' angle, 

__I 

E C O  
-Icn 

CHANGED 

4 
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threads in the samples shiL be s tra ight  sad conrinuous I 
from one end t o  the other, I 

6.2 

I 

The I n s t r o n  shall be operated i n  accordonce b i L t h  
Q- 101. 

6 . 3  Balance, zero, and ca l ibrate  the load weighing and 
recordinS s y s t e n  using the five pound c a l i b r a t e d  wight : .  

6 . 4  S e t  crosshead speed at two (2) inches  per  minute, 
chart speed  at two ( 2 )  Inches per minute, and jaw 
Eeparation a t  t v o  (2) inches. 

6 .5  Set tlie "Full. Scale  Load" a t  a s e z t i n g  which will pi 
the breakins p o i n t  between the  lower one quarter (ii4) ai 

u p p e r  one quazter  (l/i,) p o r t i o n  of the  graph. 

6 . 6  
that the length o f  t h e  specinien is parallel to tiir t i n e s  
force exerted on it. 

Mount the s p e c h e n  in the Instron jars in such a 

6.7  Run t e s t ,  record elongation and u l t i m t e  t e n s i l e  on 

6.8 Record elongation and ultimate t e n s i l e  on data shee 

7.0 BE&% PWJIUS TENSILE 

One inch wide samples shall be tested having the threads 
running in either t h e  machine d i r e c t i o n ,  transverse d i r e c t i o  
or st a 45' angle .  

er 
f 

ha I 

CHANGED 



7 , 1  
in the uppar jaw of the Xnstronr I 

Clasp the bend radFii~ fixture (see sketch below) 

#j C.R.S. 

7.2 Repeat steps 6,l through G . S .  

-?- 
i 
f 

2 
I 

-%-- 

7.3 Mount t:e spec ian In the Instrsn srs that  the  
raeterial w.kes a i a P  bend over the bend radius fixturf 
(.GO8 inch radius edge) and clamp b o t h  e ~ d s a i n  the  h a  
jaw. 
that the length of the specimen is parallel to the 
l ines  of  farce exerted on it. 

The specimen shwd1C be mounted .in such a mnner 

7.4 
on chart. 

Rua t e s t ,  record elongation and ultimate! tensile 

7.5 Record eiongation and ultimate bead radius tensLlr 
an data sheet. 

8.0 aG33ITYTEsr 
One inch uide sarnples shall be tested having th2 threat 

runafng ia either the nachine dlwectfon, transverse dircctlc 
or a t  a 45O angle.  

8.1 
procedures outlined in A S ~ - 0 ~ 1 3 8 8 .  
be made at IO', 2O0, and 41.5 , 

The test ehaI.1 be perforwd according t o  the 
t?eaf;urements will 



8.2  Cut the neccssery s a q l e s  (3." x Sf'),  The threads 
should be s t ra jght  and contiquous fro= one end t o  the 
at'ner. 
later. 

Also  cut a sample 6" x 6" ,  rhis w i l l  be weighed 

8 . 3  
of the t e s t  fixcure. The end of the sample should be 
even with the edge of the t e s t  f ixture,  Place the top 
werght, v i rh  tlhe rubber pad aga ins t  the sarap le ,  on the 
tee t fixture . 

Place m e  specimen (1'' x 8 ? ' )  an the sircooth surface 

8,4 Glide t he  sample over the edge until the iwerhangi 
edge of the sample  meets the desired angle lo*, 20Q, or 
41.5'. Xute the length of overhang (in centiaeters) an 
record this value on the da ta  shee t ,  

6.5 This ehcruld be repeated for the t o p  arid bstrom and 
each end of the sample (four masuremnts w i L 1  be taken 

8.6 Average the xeadings obtained in 8.4  and 8.5 for 
each angle, This value will be uaed to calculate the 
flexural r ig id i ty .  

8.7 Weigh rha 6" x 6" saapla cut  i n  8.2 on the Eettler 
gram-atic balance, 

%?eight of 6" x 6" sanpSc e weight ojj sample in 
232 gramdcn . 

Becord t - e  weight 02 &ha sample ared t h e  weight in 
€Fam/cm on the d a m  shee t ,  

!l 

-8 .8  The Eorm'ta far calculating flexural r i g i d i t y ,  G, 
is as follia-a; 

3 G = W C  

_111 

C G  
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I 

; r i g i d i t y  test ( ref .  8.0) dnlp the tiample will bc fcilded and 
j'creaoed prior to tostiag. 

3%; folded r i g i d i t y  t e s t  is similar to the standard 

1 
1 

f 
I 
t 1 
i 

9,2  
at: rhc 4 inch mark) 180° aL?d press under a seven pound 
weight for tbe desired 2munC of ti= (to be indicated 
on the tect data shact) .  

F o l d  the ~anp3.e t a  be tested in t h e  center  (apyrox 

9.3 After folding, place the sample on the test fixtur 
so that the fo ld  is even with the  edge. Place the top 
weight, with the  rubber pad against the snnple, oit the 
t e s t  fixture t o  hold the specimen fn place* 

9,4  
(the overhanging end) u n t i l  i t  meets 41.5'. 
reMiatag length of mzterfal overhanging (mezsured in 
centineters). 

Starting with the 41.5O angle, cut. of€ the annpXe 
Heasure t h  

9 .3  The same end of 
narriple m y  be used for the three masurensents. Record 
the rcaaiaing overhang on the data sheet each t W .  

&Peat &teP 9.4 for 20' and loo. 

9.6 
other end of the sampleL 

Steps  9 ,3  through 9 .5  should be repeated for the 

3 r 
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the flexural r:',gfdity. 

9.8  
the  :;sight ( i n  grams/cn; ) of t he  material (reE 3.7). 
Record tQe weight of the sample and t he  weight in 
grga8i'cmL on tile ditta sfieet.  

Weigh the btr x 6" 9aruple cut in 9.1 and calculate 

9.9 Calculate the flexural r i g i d i t y  4x6 in 8 . 8 .  Record 
the flexural r i g i d i t y  (after fo ld ing )  on t h e  data sheet 


